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Abstract
The University of Texas at El Paso (UTEP) and the Center for Space Exploration and
Technology Research (cSETR) is determined to develop a launch vehicle that is made completely
of additive manufacturing materials, has the capability to transport a 100 lb payload to low earth
orbit (LEO) as well as completing the design of a strucutral steel mobile launch stand that has the
capability of withstanding the launch vehicle’s static and dynamic loadings. The project will
consist of carbon composite components to reduce weight while maintaining efficiency, strucutral
steel components to resist extreme loadings and maintain strucutral shape, and lastly aluminum
components to increase strucutral rigidity of minor and major components. This general design
can provide a more affordable cost per launch starting at approximately 1.5 million dollars vs the
standard 62 million dollars per launch we have available today in industry (nbcnews.com). The
purpose of this document is to outline the challenges and solutions of designing carbon composite,
aluminum and strucutral steel components to meet required demands set by the launch vehicle
team and UTEP cSETR.
Strucutral design is a vital strategy to determine the shape, dimensions and type of material
to be used on any component after determining the loading enviorment, constraints and factors to
be applied. With the help of CAD modeling software and basic knowledge of structural design,
this paper will go in depth on the structural design and layout of the interstage component for the
launch vehicle and the structural steel mobile launch stand that will provide support before and
during the initial launch phase. Particularly, the preliminary design, material selection, application
of loadings and structural analysis of each component of the interstage and mobile launch stand
will be explored and examined to the highest degree to ensure they are able to survive the mission
and help the launch vehicle team as well as UTEP cSETR achieve its goal.
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Chapter 1: Introduction
The Center for Space Exploration and Technology Research has been developing interest
over the past year to design and develop a structurally sound, efficient and mobile launch vehicle
that is constructed of additive manufacturing, low cost materials and has the capability to send a
specific payload into 200 miles into the atmosphere (namely cube satellites). Using such materials
will drastically reduce the weight of the overall structure as well making the launch more
affordable. But, in order to conduct this
Payload Shroud

operation and have it move in the right
direction, specific load calculations need to be

Second Stage
Tanks

conducted

such

as

atmospheric,

static,

dynamic, dead, live and wind loads that will be

Interstage

acting on the structure of the spacecraft, the
right type of fuel (Liquid Oxygen LOX, Liquid
Core Stage
Tanks

Methane LCH4) but above all the right type of
material must be used in order to have a
successful mission. The launch vehicle being
designed by UTEP, more formally known as
the

“Centennial

Vehicle,”

has

Small
five

Payload

major

Launch

components

completely designed of carbon composite
materials and one major component made of
structural steel which include the payload
Figure 1.1:
Assembly of Launch Vehicle

shroud, upper stage tanks, thrust structure,

1

interstage, core stage tanks as well as the mobile launch stand. This paper will discuss proper steps
and design codes/considerations used to specifically design the interstage component and the
mobile launch stand as well as detailed modeling and structural analysis (by hand and FEA) to
prove that said components will be able to withstand the forces acting upon them. The Interstage
was mainly designed to withstand static forces (buckling and bending forces) since the launch
vehicle team at UTEP does not have all the information required to design the launch vehicle to
withstand dynamic forces (launch and atmospheric forces). The mobile launch stand was mainly
designed to withstand the overall weight of the rocket in a vertical position (pre-launch) and
horizontal position (transport) as well as live loads and wind loads acting on the overall structure
to verify it would not fail. Currently, the overall length of the vehicle is approximately 68 feet with
different diameters for the second and core stage with the interstage connecting the two. Figure
1.1 shows the full assembly of our vehicle with updated parts and components.
After design and fabrication is complete for the launch vehicle, it has been proposed that
the vehicle has a launch out of Pad 39-C from Kennedy Space Center in Florida which was recently
built specifically for small, private class launch vehicles such as the “Centennial Small Payload
Launch Vehicle.” Such a launch will provide UTEP with the cheapest possible solution to launch
the CSPLV from the continental United States.

1.1 Why Additive Manufacturing Materials
In today’s day and age, rockets no matter what type or class have always been structured
to have traditional aluminum alloy or titanium casing. The benefits of having a metal alloy
structure is that it helps protect all the sensitive material and components inside the vehicle against
the rapid change in temperatures going on in the outside of the rocket however there are some
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downsides to having metal alloy. The first disadvantage is that these traditional metals weigh a
specific amount and the larger the vehicle, the more weight you are adding to the structure itself.
With more weight to the structure the more you need to make the fuel tanks bigger to hold more
fuel to account for the added weight. Although this course of trial and error is something that is
always faced when choosing any material, it is always best to explore different materials and their
properties to determine what they can and cannot do.
Another disadvantage is that during flight, rockets have different separation stages whether
it is one separation stage or many and when a certain component is separated it has no other option
than to fall back to earth in the ocean. When any component falls back to Earth, it is either
recovered by means of the U.S. Navy or by NASA recovery ships, non the less, this proves to be
a hefty bill when recovering any spacecraft that falls back to the ocean. If companies wish to go
forward with a path that does not include paying so much money to recover a part of their space
craft, then additive manufacturing materials are the way to go. For example, if a component falls
back to earth that is made completely of carbon fiber, then recovery is not needed because it would
cost more to recover it than to make a completely new component, which is one of the goals for
the UTEP launch vehicle team, to prove that additive manufacturing materials are a better choice
economically versus the standard aluminum or titanium.
A final disadvantage that was brought up was overall cost of materials. To produce a
vehicle that has a structure of either aluminum or titanium it must be fabricated at an offsite facility
where great handle and care is overviewed by professionals to put the components together
carefully and precisely
For UTEP, time and resources are vital in terms of strucutral design of the launch vehicle.
Through careful thought and consideration as well as plenty of research, it was determined that
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designing our entire structure of the vehicle would be done by means of using carbon composite
and epoxy resin apart from a few key components which will be explained later. The type of carbon
composite and epoxy resin that is to be used in design for the interstage can easily be bought online
and manufactured in house by the research team which would cut overhead costs drastically. Also,
the weight of the vehicle would be reduced drastically and effectively to improve the overall
performance as explained in the analysis section of this report.
Although this type of carbon composite material is not bio-degradable, it at least gives
UTEP the advantage of not having to recover their own components when they fall back to the
atmosphere after a successful stage separation. Moving in this direction however, future work may
include designing a launch vehicle of bio-degradable material which would withstand the forces
of space as well as degrade once not in use anymore as to not disturb the enviorment.
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Chapter 2: Overview of Preliminary Structural Design
Before designing the actual components of the launch vehicle and the mobile launch stand,
certain design considerations needed to be reviewed and put into effect as to ensure the overall
performance and efficiency of the structure was at its highest level. For the launch vehicle, a “balland-stick,” model was created to determine the loading acting on each component during flight,
which is where it experiences the most loading acting on the structure. Due to the overall static
weight of the structure that the interstage would be supporting, which was determined to be 1,400
lbs and forces due to maneuvers by the launch vehicle during flight (6 G’s of force), the overall
loading acting on the top of the structure would be found by multiplying the two numbers together:
𝑜𝑣𝑒𝑟𝑎𝑙𝑙 𝑠𝑡𝑎𝑡𝑖𝑐 𝑙𝑜𝑎𝑑 = 1,400𝑙𝑏𝑠 ∗ 6 𝐺 ′ 𝑠 = 8,400 𝑙𝑏𝑠

(2.1)

This loading was used in both FEA and hand calculations to verify the interstage would not fail
based on the following design criteria:
•

Buckling

•

Bending

•

Axial Compression

Another preliminary design consideration that was taken into account for the structural design of
the interstage was that the component must fit in a rigid connection between the upper stage tanks
and core stage tanks, leave enough room inside the vessel for hardware components such as UTEP
CHROME engine and pyrotechnic systems as well as a minimum factor of safety of 1.25 The
actual analysis of the interstage will be explained in chapter 6 of this report.
For the Mobile launch stand, a series of design considerations were taken into effect which
include using lightweight steel to avoid high overhead costs and fabrication costs, must be able to
withstand static and dynamic loadings from launch vehicle as well as dead, live and wind loadings
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acting on structure itself, ability to be transported by 18-wheeler, weight limit of tower along with
static load of launch vehicle must not exceed 179,000 lbs and a minimum factor of safety from 4
must be met for all structural steel work. The reason for the weight limit is because the launch
vehicle team wishes to have successful launch from pad 39-C at Kennedy Space Center in Florida
and the weight limit of the concrete (launch stand and launch vehicle) is 179,000 lbs, based off the
online report done by space.com.
The overall loading acting on the mobile launch stand (explained in chapter 5) which is
using in FEA and hand calculations were verified to ensure the mobile launch stand would not fail
under the following design criteria:
•

Shear

•

Moment

•

Axial Compression

•

Buckling

•

Bending

•

Block Shear Rupture of Rigid Connections

Using the loadings acting on the structure and the design criteria listed above as well as
design codes and specifications, the interstage and mobile launch stand were designed to have a
maximum performance and high efficiency.
2.1 Interstage Design Considerations
The interstage acts as a rigidly supported structure that ties together two parts of the launch
vehicle and houses technical equipment needed during flight. In the case of the “Centennial Small
Payload Launch Vehicle,” the interstage ties the core stage and upper stage tanks so that during
flight, the vehicle can reach a maximum velocity to reach the edge of our atmosphere and break
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into the boundaries of space. Once that is achieved, then the pyrotechnical equipment which will
be mounted inside a compartment in the interstage, will be detonated in order to separate the upper
stage of the vehicle from the core stage of the vehicle and it can continue with its mission. The
core stage will fall back to earth as well as half of the interstage. The top half of the interstage will
be rigidly connected to the upper stage tanks as to serve as protection of vital components within
the UTEP CHROME Engine from any foreign obstructions. The design of the interstage for the
Centennial Small Payload Launch Vehicle was, in a specific way, modeled after the “Falcon 9,”
rocket from Space X. This specific revolutionary design of the interstage includes a composite
aluminum honeycomb core design surrounded by carbon fiber sheet piles. The stage separation
system includes a low shock, highly reliable separation system with helium circuits preloaded into
three pneumatic pushers which provide positive force stage separation.
In terms of the loading enviorment for the interstage, the loadings acting on the interstage
include static loadings from the upper stage tanks, the payload shroud, the thrust structure, UTEP
Chrome Engine and payload adapter. A more detailed model view can be seen in chapter 4.
Although static loading is not what should dictate the overall loading acting on the structure itself.
The main concern is dynamic loading. The only problem with this is that the launch vehicle team
at UTEP currently does not have the resources or knowledge to apply any reasonable dynamic
loading on any part of the structure. The main idea is that a form of dynamic loading would come
off the UTEP CHROME Engines as well as the solid rocket boosters. At this point the actual
dimensions are verified and the output capacity that the team wants to reach is verified but no field
tests have been conducted therefore any dynamic loading such as vibrations or resonance is not
confirmed. Therefore, this calculation and analysis will be done as future work for the interstage
as well as the mobile launch stand.
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The materials that are used in the strucutral analysis of the interstage will be explained
more in detail in chapter 3 but as a summary, the carbon composite and epoxy resin are easily
available and short lead time. Along with the in-house fabrication idea, a component as simple as
the interstage can be easily fabricated and tested at UTEP. Aluminum will also be used in the
interstage however it will serve as an aluminum honeycomb sandwiched between two faces of
carbon composite and epoxy resin material. This is discussed more in chapter 4.
Different constraints or design parameters were placed onto the interstage during the initial
stage of strucutral design. Such parameters included a housing section for pyrotechnical equipment
that is capable of detonating the interstage into two pieces therefore the top half of the vehicle may
continue with its mission and the bottom half of the vehicle can fall back to earth. Another design
consideration was that the interstage must fit into a rigid connection of the upper stage tanks and
the core stage tanks. For the upper stage tanks a diameter of approximately 26.664 inches was
required to fit into the outside diameter of the upper stage tanks and a diameter of approximately
55.48 inches was required to fit the outside diameter of the core stage tanks (As seen in chapter 4).
The overall height of the interstage is approximately 141 inches and the reason for such a height
is to be able to house the bell of the UTEP Chrome Engine inside the interstage during initial
launch phase and then during stage separation the interstage can break into two pieces and the
Chrome Engine can take over in terms of flight and maneuver of the entire vehicle. During the
analysis stage of the interstage, the launch vehicle team took the “NASA SP 8007 Buckling of
Thin Walled Circular Cylinders,” was used as a reference when taking buckling and bending
factors into effect. When dynamic loadings are determined, then torsion may be determined from
the same design booklet to ensure the interstage would not fail in torsion. The equations and graphs
used from NASA SP 8007 will be explored in chapter 5 and chapter 6 of this report. The last major
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design parameter includes a minimum factor of safety of 1.5 for the overall design of the carbon
composite/aluminum structure.
2.2 Mobile Launch Stand Design Considerations
The mobile launch stand for the Centennial Launch Vehicle will serve as a housing
assembly of components for the launch vehicle during transport and the pre-launch phase. The
overall launch stand can be broken down into five parts for simplicity. Such parts include the
“moment arm assembly,” “tower,” “platform,” “solid rocket booster connection,” and “blast
deflector.” The moment arm assembly mainly consists of square HSS tubing and a “c” channel
which will be welded to the top of the tower. The moment arm will have 90 degree rotation by
means of a hydraulic actuator. During the prelaunch phase, the hydraulic actuators will be activated
and rotate the arms 90 degrees and the rocket will then be ready for lift off from the tower. The
tower itself will serve as a stationary point to allow the moment arms to pivot 90 degrees as well
as ability to apply a ladder on the opposite side of the launch vehicle to allow maintenance workers
to reach the top of the tower to connect the fuel line to the upper stage tanks. The platform will
allow any maintenance workers to walk around and make any adjustments to the launch vehicle
prior to transport or launch. The solid rocket booster connections will serve as the base point where
the solid rocket boosters will rest upon. The solid rocket boosters will be connected rigidly to the
launch vehicle therefore the load will transfer safely and effectively to the mobile launch stand.
The blast deflector is the final component of this mobile launch stand and this assembly of
components serve as a shield to protect the bottom part of the platform from the harmful exhaust
of the rocket.
The loading environment for the entire mobile launch stand is quite different from the
interstage. The approach used to determine the loadings acting on the stand were found using a
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civil engineering approach. This approach includes determining the what exactly each member of
each component will be used for. An example is a fixed beam support within the tower assembly.
A dead load determination concludes that only the beam weight will contribute to the dead load
and a live load determination of 250 psf along with a 300 lb point load will contribute to the live
load. Using a factor equation (which will be explained in chapter 5 and 6) this new loading is
applied to the beam therefore hand calculations and FEA verify the beam will not fail based some
of the criteria mentioned in the beginning of this chapter. The overall loadings taken into account
include dead, live, wind loadings. Chapter 5 and 6 will go more in depth on where the loads come
from and what they mean, especially for the mobile launch stand design.
The material list for this structure includes the use of A36 steel and A500 Grade B for
analysis. Both materials are light weight and readily availability in the market which makes it a
prime candidate for use, not to mention its strucutral data which is mentioned in chapter 3. Any
fabrication of this assembly of components must be done by a professional outside of UTEP and
transported via 18-wheeler once the launch vehicle is complete.
The main design considerations and parameters that were using while designing the mobile
launch stand include the five following ACI (American Concrete Institute) codes :
•

ACI Code 9.5, Table 9.5(a), Deflection Control of One Way Slab

•

ACI Code 7.7.2 Cast-in-place concrete (prestressed)

•

ACI Code 10.2.7.1 Design Assumptions

•

ACI Code 7.12.2.1 Shrinkage and Temperature Reinforcement

•

ACI Code 7.12.2.2 Shrinkage and Temperature Reinforcement

•

ACI Code 11.2.1.1 Shear Strength Provided by Concrete
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The different AISC (American Institute of Steel Construction) specifications for analysis of steel
components are as follows:
•

Chapter D of Steel Construction Manual: Design of Members for Tension,
Table D3.1

•

Chapter E of Steel Construction Manual: Design of Members for
Compression, Table E1.1

•

Chapter F of Steel Construction Manual: Design of members for Flexure,
Table F1.1

•

Chapter G of Steel Construction Manual: Design of Members for Shear

•

Chapter J of Steel Construction Manual: Design of Connections, Table
J3.2, Table J3.3, Table J3.4

In chapter 6, each one of these specifications are highlighted when used along with any
tables and graphs that accompany them to better understand the process of strucutral analysis of
each component.
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Chapter 3: Selection of Materials
Each component has a list of materials that was reviewed by the launch vehicle team to
determine which material would better satisfy the component it would be used for. Listed below
are each of the materials that were reviewed along with the mechanical properties, overall cost and
descriptions.
3.1 Epoxy Resin
CYCOM 5320-1 Epoxy was the main choice for the interstage faces. These faces are the inner
and outer shell of the interstage and in between in the aluminum honeycomb sandwich design.
Based from Matweb.com the mechanical properties for the epoxy material are as follows:
Table 3.1: CYCOM 5320-1 Epoxy Properties

Physical Properties
Density
Moisture Absorption
Storage Temperature

English
0.0473
lb/in^3
0.55%
<= 10.4 ℉

Mechanical
Properties
Tensile Strength
Tensile Modulus
Flexural Strength
Compressive Strength
Compressive Modulus
Poisson Ratio
Shear Modulus

392000 psi
22600 Ksi
17500 psi
166900 psi
12800 Ksi
0.344
812 Ksi

This particular epoxy resins exceeded the overall tensile strength and compressive strength
of most resins that are readily available in the market today therefore one decision factor besides
the overall strength of the material is that is can be purchased today and be sent within, at most a
week to a couple of weeks lead time. Based off solvay.com, this resin is the main “go to” material
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by many aerospace companies because it is designed for out-of-autoclave manufacturing of
primary strucutral applications, has a moderate cost as per the website and is extremely
lightweight.
3.2 Carbon Composite
8 Harness Satin Weave Carbon Fiber Fabric/Cloth is the main choice for the carbon composite
to be used for the interstage. This carbon fiber fabric comes in a roll of 60” width, tow size of 3k
and is woven in a 8 harness satin weave. The overall thickness of the fabric is 0.018 inches and
the material is a high grade Pan fiber which can be found in matweb.com. More formally known
as “Zolteck OX SW08 (Satin Weave) Oxidized PAN Fiber Fabric,” with the properties listed in
the table below:
Table 3.2: 8 Harness Satin Weave Material Properties

Physical Properties

English

Density
Thickness

0.0491 lb/in^3
47.2 mil

Descriptive
Properties
Areal Weight
Construction
Fiber Diameter (μm)
Roll Length
Roll Width
Organic Solvents
Yarn Input

471g/m2
8 harness satin
12.5
45m
129 cm
Excellent Resistance
2/10 worsted count

The product specifications from composite envisions are listed in the table below:
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Table 3.3: 8 Harness Satin Weave Product Specifications

Product Specs
Unit of Measure
Material Warp
Material Weft
Weave
Ends Per Inch
Pics Per Inch
Yarn Size Warp
Yarn Size Weft
Tow Size
Weight
Width
Thickness

Linear Yard
Carbon Fiber
Carbon Fiber
8 Harness Satin Weave
17
17
3k
3k
3k
10.9oz
60"
0.018"

This carbon composite fabric was specifically chosen due to its readily availability, low
cost, high strength because of the pan fiber used in fabrication of this material and general use for
structural design of main components and secondary components. With this fabric and the epoxy
chosen for the interstage design, the overall design should be able to withstand any forces acting
on it.
3.3 Aluminum
The original material chosen for the first iteration of the interstage was aluminum 2007 T3.
This material is lightweight compared to other aluminum materials, low cost, weldable and lead
time for material would be two weeks. The only issue is that if the interstage was to be made
completely of this material, then it would have to be fabricated off site raising overhead costs for
manufacturing. Based off matweb.com, the physical properties are shown in the table below:
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Table 3.4: Aluminum 2007 T3 Material Properties

Physical Properties

English

Density

0.102 lb/in^3

Mechanical Properties
Ultimate Tensile Strength
Yield Tensile Strength
Elongation at Break
Modulus of Elasticity
Poisson’s Ratio
Shear Modulus

56600 psi
36300 psi
6.9%
10600 ksi
0.33
3920 ksi

It was ultimately determined that this material would not be suitable for the interstage not
because of its strength but because it passed the weight limit parameter set back in chapter 2. The
decision was then made to make the inner and outer shells of the interstage carbon composite and
the honeycomb core of a different aluminum material which is explained next.
The material chosen for the aluminum honeycomb core of the interstage is 5056 aluminum
alloy. This specific alloy is available for general purpose applications such as strucutral design, is
available in wide range cell size/density combinations in the hexagonal and Flex-Core
configuration. The specific 5052 aluminum alloy to be used is 1/8-5056-.0015, which is the cell
size, alloy and foil gage, respectively. Shown below is a table listing the details about the product:
Table 3.5: 5056 Aluminum Alloy Material Properties

Physical Properties

English

Density

0.00353 lb/in^3

Mechanical Properties
Compressive Yield Strength Longitudinal Direction
Compressive Yield Strength Lateral Direction
Compressive Modulus
Shear Modulus "W" Direction
Shear Modulus "L" Direction
Shear Strength "W" Direction
Shear Strength "L" Direction
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1120 psi
760 psi
295 ksi
38 ksi
102 ksi
400 ksi
690 ksi

Fabrication of this material is done by Hexcel where they have conducted several field tests
and analysis to prove that their product works to the best of its ability. The test methods that are
preformed based on “HexWeb Honeycomb Attributes and Properties,” include a compressive test
of the honeycomb material to determine the crush strength as shown in the graph below:

Figure 3.1: Compressive Test for Aluminum Honeycomb Material
This test made it known that honeycomb will crush at virtually a constant stress level
therefore, its absorption capacity is predictable, making it an ideal choice for energy absorption
applications. In the case of the Centennial Small Payload Launch Vehicle, the honeycomb structure
is able to absorb the energy given off the dynamic loading of the solid rocket boosters and the
UTEP Chrome Engine. Other test methods done on honeycomb structures include the plate shear
test method which provides the shear strength/shear modulus of the structure and the Flatwise
Tensile which is used to determine the bond strength of the adhesives or resins applied to the
structure.
Due to the low cost and readily availability of the aluminum honeycomb product along
with the specifications that prove its compressive strength and modulus, the launch vehicle team
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chose 5056 aluminum alloy as the core for the interstage design as well as the payload should
design.
3.4 Structural Steel
Structural steel is vital in the design of the mobile launch stand. There is a wide variety of
strucutral steel to choose from ranging from different ASTM designations and each one has a
different yield stress and tensile stress. Of course, the higher the yield stress and tensile stress, the
more the material may cost but this is just one factor. Other factors include the amount of the
material and the availability in the area from which you are ordering. These factors can make
certain types of steel undesirable however for the design strength of each member used in the
mobile launch stand was calculated using different types of members and the final members shown
on this report indicate that they are the perfect ones for each job/task they are performing. A prime
example is using a W shape and a HSS Shape for the purpose of a column design, the W shape
would hold “x” amount of load and a HSS shape of smaller dimensions would hold the same exact
load, therefore it would be better to have a shape of smaller size to be used. The mobile launch
stand uses A36 and A500 Grade B steel. The tables below display the physical and mechanical
properties of A36 and A500 Grade B as shown on matweb.com:
Table 3.6: A 36 Steel Material Properties

Physical Properties

English

Density

.284 lb/in^3

Mechanical Properties
Ultimate Tensile Strength
Yield Tensile Strength
Modulus of Elasticity
Compressive Yield Strength
Bulk Modulus
Poissons Ratio
Shear Modulus
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58000 psi
42100 psi
29000 ksi
22000 psi
23200 ksi
0.26
11600 ksi

Table 3.7: A500 Grade B Steel Material Properties

Physical Properties

English

Density

.284 lb/in^3

Mechanical Properties
Ultimate Tensile Strength
Yield Tensile Strength
Modulus of Elasticity
Compressive Yield Strength
Bulk Modulus
Poissons Ratio
Shear Modulus

79800 psi
36300 psi
29000 ksi
22000 psi
23200 ksi
0.26
11500 ksi

According to Leeco Steel, steel in todays market is sold by the pound and carbon steel
(which is to be used for the mobile launch stand) is priced currently at 0.37 cents per pound. The
fact that steel is a raw earth material and is dictated by the laws of supply and demand, the price
may jump or fall. Other factors in purchasing steel include the steel grade, order quantity, future
needs, steel grade origin, required processes, steel material location, grade liquidation, supplier
niche, market regulation and natural disasters. All these driving factors can either increase or
decrease the cost of steel but it all depends on during the time the order goes through. Although
strucutral steel is not necessarily “low cost,” material, it will play a vital role in the design of the
mobile launch stand. Fabrication and overhead costs will be high for this product but it will play a
ultimate role in the mission of the Centennial Small Payload Launch Vehicle completing its
mission.
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Chapter 4: 3-D CAD Modeling Design
The following chapter discusses the detailed modeling design of the interstage and mobile
launch stand. Dimensions, front, top, and right-side views along with isometric views are included
along with different blow up views so the reader may understand where each component is
connected and how they are connected. The purpose for a CAD model is to have a detailed view
of the components that will be analyzed by means of FEA as well as exemplify the layout of all
components when constrained together to form a launch vehicle or the mobile launch stand.
4.1 Interstage Design Iterations
The images below display the overall image of the interstage along with a cross sectional,
top assembly, det cord assembly and bottom assembly view. The diameter of the interstage varies
in length to accommodate for the diameter of the second stage and core stage components. The
first iteration included “ribs,” or an isogrid which ran along the inside of the interstage to act as
strucutral support.

39”

72”

41”

Figure 4.1: 1st Iteration of Interstage
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The overall image of the entire interstage assembled can be shown in figure 4.1 with a
height of 72 inches. The cross-sectional view of the interstage can be shown above with a top
diameter of 39 inches and a bottom diameter of 41 inches. This iteration was analyzed separately
using two different materials (Aluminum 2007 T3 and CYCOM 5320-1 Epoxy with Carbon Fiber
Composite). This was a simple design of the interstage that ultimately would not be used in the
final design since the upper and core stage tank dimensions would change, so would the diameter
of the interstage, the material proved to be inefficient against the loading acting on it, and it failed
the weight parameter set in chapter 2. A detonation chamber needed to be included in the interstage
as well so that way during the separation stage, the top half of the launch vehicle can continue with
its mission and the bottom half can fall back to Earth.

37.1”

Inner shell

Aluminum
Honeycomb

37.1”

37.1”

Outer shell

Figure 4.2: Final Iteration of Interstage
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The overall image of the interstage assembled together along with a blow-up view of the
three sections showing the inner, outer and honeycomb shells can be seen in figure 4.2. The top
and bottom sections of the interstage are the same except for the difference in diameters as shown
in the dimensions. It was determined that using carbon composite along with an aluminum
honeycomb core, the design would be more proficient and adequate.

0.8”

0.156”
Figure 4.3: Detonation Cord Attachment
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The final detonation chord assembly for the final iteration of the interstage design can be
seen above. It is made completely of 5056 Aluminum Alloy and the chamber of the assembly
contains a space that is roughly 0.156x0.8 inches which will be able to house a (dimensions)
detonation cord capable of yielding the housing chamber and thus, the housing chamber will crack
the inner and outer shells of the interstage making them separate entirely. The thickness of the
inner and outer shell for the interstage is 0.054” and the thickness of the honeycomb core is 0.108.”
The reason these specific numbers were chosen was because based off of the HexWeb Honeycomb
Attributes and Properties guide, a single sheet of carbon fiber must be wrapped at least 3 times
around a structure and formed with epoxy to minimize any sort of strucutral failure. It becomes
more rigid thus able to hold more weight. Based off chapter 3 for the carbon fiber material that
was chosen, a single sheet is 0.018 inches thick then multiplied by 3 to form 3 layers equals 0.054.
Based off the table shown below for sandwich construction, 4 times the thickness will give the
structure 37 times more rigid than a normal sheet of metal and with the FEA analysis as shown in
chapter 6, the weight is not a problem when going this route, therefore making the sandwich 4
times the thickness of each face was a good choice for the interstage. The overall weight of the
first iteration is approximately 31.25 lbs. and the weight of the final iteration is approximately 17
lbs. The overall strength of each iteration will be discussed in chapter 6 but the weight parameter
for the interstage is met.

Figure 4.4: Relative Stiffness and Thickness for Honeycomb Sandwich
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4.2 Mobile Launch Stand Design Iterations
The images below display the overall design of the mobile launch stand along with the
assemblies of each category of the stand discussed in chapter 2. The overall dimensions are
displayed with each image which includes length, width, height of the entire structure. The
connections are considered welded unless specified otherwise, such as bolted connections.

Figure 4.5: Mobile Launch Stand
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The figures above display the overall mobile launch stand with its many components. As
shown, the launch vehicle will connect to the mobile launch stand at the rocket connections on the
platform as well as the moment arm in the top section. During the pre-launch phase, the moment
arms will open up in a 90-degree angle by means of a hydraulic actuator and remain open until the
launch vehicle as completely cleared the launch stand.
3.1”

.

3.1”

t=0.75”

62.39”

t=0.75”
Figure 4.6: Mobile Launch Stand

10.8”

The figure above displays the components for the moment arm design. Each moment arm
contains a 3.1”x3.1”x0.75” Square HSS tubing all welded together and a 62.93”x10.8”x0.75” C
channel beam that is welded to the square HSS tubing and the tower. The hydraulic actuator will
have a bolted connection on the opposite end of the c channel beam as well as the square HSS
tubing that is free to move in the x-y plane on both ends, therefore allowing the moment arms to
rotate 90 degrees to make enough clearance for the launch vehicle to pass through without
obstructing it. The overall length of the moment arm connection is 154” and the weight per arm is
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approximately 2.75 kips. In chapter 5 of this report, it will explain how the weight of this section
acts as a point load acting on the column section of the tower assembly.
7”

48”
3

A
61.7”

61.7”

t=0.75”

107”
C

430”
B

7”

7”

D
t= 5/8”

Figure 4.7: Tower Assembly and Dimensions; A: beam, B: Column, C: Bracing, D: Cross
section of column
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Figure 4.7 displays the components for the tower assembly of the mobile launch stand. The
beams and braces shown are 7”x4”x0.75” Rectangular HSS members and the columns are
7”x7”x5/8” Square HSS members. All members are welded together to form a rigid connection.
The overall length, width and height of the structure is 61.7”x61.7”x430” making each beam 48
inches long and bracing 107 inches long. A fuel line will run in the center of the tower from the
ground to the top where the moment arms are welded. It will then connect directly to the upper
stage tanks. The overall weight of the tower is approximately 18.2 kips and the columns will act
as point loads on the corresponding beams below in the platform section.

Figure 4.8: Platform Assembly
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156”
12”
123”

213”

t= 5/8”

B

A
213”

E

132”

F

156”

G

12”

12”

D

132”

t= 5/8”

C

Figure 4.9: Platform Components:
A: Platform, B: Bracing, C: Column,
D: Cross section of column, E: Beam, F: Beam, G: Beam
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12”

Figure 4.8 displays the platform of the launch stand and figure 4.9 displays each component
that was designed for the platform. Each beam, column and bracing are labeled as to distinguish
is chapter 6 which beam is being evaluated for design strength. The overall dimensions of the plate
from the left-hand side are 213”x156”x4” with a 132”x62” rectangular opening in the top to allow
the exhaust of the vehicle to fly through. The height of each column is 132 inches and the length
of beam “E” is 213 inches and beam “F” is 132 inches and length of beam “G” is 156 inches. The
bracing which is located at the back end of the platform where the tower rests is 123 inches long.
All bracing, columns and beams are of the same shape, Square HSS 12x12x5/8.

Figure 4.10: Blast Deflector Assembly:
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68.4”

50.4”
B

A
8”

66”

D

C

108”

8”

21.5625”
55.74”
15”

E

52.8”
G

F

Figure 4.11: Blast Deflector Components
A: Steel Angle, B: Steel Angle, C: Steel Angle, D: Double Angle Column, E: Double Angle
Column, F: Double Angle Column, G: Concrete Slab
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A

160”

24”

B

24”
Figure 4.12: Blast Deflector Components
A: Steel Angle and B: Concrete Slab
Figure 4.10 above display all the components and assemblies needed for the blast deflector
of the mobile launch stand. The separate components displayed on figure 4.11 and 4.12 are the
ones that have been used in chapter 6 for strucutral analysis of the blast deflector. All other
components that are not listed or shown are considered lateral bracing and there is no need for
hand calculations for them. The FEA analysis will take care of the available strength of the lateral
bracing. The overall dimensions of the blast deflectors standing vertically on the left are
160”x8”x122” and the blast deflector on the right is 132”x153”x108” inches with a 30- and 60degree angle to direct the exhaust of the rocket out the front side of the mobile launch stand. With
this unique design, it will serve as protection for steel members from the heat and exhaust of the
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vehicle. The concrete slabs are designed as “one-way slabs,” and are connected to the steel
structure by means of anchor bolts. When one pad is complete destroyed due to the thrust of the
vehicle, one could simply unbolt which ever pad is destroyed and replace it with a new pad and
bolt it back to the structure. The steel structure is made up of 8x8x5/8 angle bars. The angle bars
serve as a resting spot to place the concrete pads and bolt them down together. The analysis in
chapter 6 verifies that these strucutral members can take the full force of the rocket as well as the
overall weight of the concrete acting upon them. The thickness of the concrete pads are 5.5 inches
and the overall weight of the blast deflector structure is 72,000 lbs.
The figure below displays the concept of the solid rocket booster connection. This is where
the total weight of the launch vehicle will be resting on. It is made completely of A36 steel and is
3” thick in every component. Padding needs to be inserted in the half circle of the component to
allow the launch vehicle to rest safely and securely.

Figure 4.13: Solid Rocket Booster Connection
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Chapter 5: Structural Loading Cases
This chapter will discuss how each loading is determined as well as how each load is
factored based on design criteria and external references.
5.1 Static Loading
Static loading is referred to as a loading that does not change over time and is constant. In
terms of the interstage, the overall loading that was determined to be acting on it was the dead
weight of the Payload Shroud, Upper stage tanks (when full), thrust structure, payload adapter,
approximate weight of the payload, as well as any components or devices that have not been
designed yet but their average weight based from online resources are being accounted for
(guidance system, pyrotechnic systems, etc). The overall weight that was calculated for static
loading was 1,400 lbs and multiplying this number by 6 g’s of force to account for any basic
dynamic loading during launch and flight stage of the vehicle. Using the following equation as
shown in chapter 2:
𝑜𝑣𝑒𝑟𝑎𝑙𝑙 𝑠𝑡𝑎𝑡𝑖𝑐 𝑙𝑜𝑎𝑑 = 1,400𝑙𝑏𝑠 ∗ 6 𝐺 ′ 𝑠 = 8,400 𝑙𝑏𝑠

(5.1)

With this equation, the overall static load acting on the structure was able to be determined. One
thing that needed to be taken into consideration however was the NASA SP 8007 “Buckling of
thin wall circular cylinders,” which explained in detail which bucking modes needed to be solved
for based on the design and layout of the cylinder. A basic rule of thumb when designed thin wall
cylinders, a breakdown factor of 0.6 must be applied to the buckling load which will in turn equal
to the total allowable load for the structure. The modes that were determined to be acting on the
interstage structure based off of NASA SP 8007 was axial compression and bending.
To determine the axial compression and bending for the 1st iteration of the interstage
(ortho-grid design) SP 8007 states that it first depends on the type of material being used. In the
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case of the first iteration, it is Aluminum 2007 T3 with carbon fiber composite which is label as a
“isotropic,” material. An isotropic material is a material that has identical property values in all
directions. By using the equations below, one can determine the total buckling load for axial
compression:
1) Correlation Factor:
𝐶𝑜𝑟𝑟𝑒𝑙𝑎𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟: 𝛾 = 𝑞 − 0.901(1 − 𝑒 −𝜑 )
1

𝑟

𝜑 = 16 √ 𝑡

(5.2)
(5.3)

Where r = radius of cylinder = 18.3” and h = depth of sandwich wall = 0.108 therefore:
𝛾 = 0.37
2) Determine Axial stress:
𝑡

𝐴𝑥𝑖𝑎𝑙 𝑆𝑡𝑟𝑒𝑠𝑠: 𝜎 = 0.6𝛾𝐸 𝑟 for when μ = 0.3

(5.4)

Where γ = correlation factor, E = Modulus of Elasticity, t = thickness, r = radius and μ = poissons
ratio.
σ = 6.51 kips
3) Determine buckling load:
𝐵𝑢𝑐𝑘𝑙𝑖𝑛𝑔 𝐿𝑜𝑎𝑑: 𝜎 ∗ (𝜋𝑟 2 )

(5.5)

Where π𝑟 2 is the area where the loading is acting on
𝐵𝑢𝑐𝑘𝑙𝑖𝑛𝑔 𝐿𝑜𝑎𝑑 = 43 𝑘𝑖𝑝𝑠
To determine the total buckling load for bending, the following equations must be used as
stated in NASA SP 8007:
1) Correlation Factor:
𝐶𝑜𝑟𝑟𝑒𝑙𝑎𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟: 𝛾 = 𝑞 − 0.731(1 − 𝑒 −𝜑 )
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(5.6)

1

𝑟

𝜑 = 16 √ 𝑡

(5.7)

Where r = radius of cylinder = 18.3” and h = depth of sandwich wall = 0.108 therefore:
𝛾 = 0.49
2) Determine Axial stress:
𝑡

𝐴𝑥𝑖𝑎𝑙 𝑆𝑡𝑟𝑒𝑠𝑠: 𝜎 = 0.6𝛾𝐸 𝑟 for when μ = 0.3

(5.8)

Where γ = correlation factor, E = Modulus of Elasticity, t = thickness, r = radius and μ =
poissons ratio.
σ = 8.6 kips
3) Determine buckling load:
𝐵𝑢𝑐𝑘𝑙𝑖𝑛𝑔 𝐿𝑜𝑎𝑑: 𝜎 ∗ (𝜋𝑟 2 )

(5.9)

Where π𝑟 2 is the area where the loading is acting on
𝐵𝑢𝑐𝑘𝑙𝑖𝑛𝑔 𝐿𝑜𝑎𝑑 = 57 𝑘𝑖𝑝𝑠
Based off each buckling load, it is determined that the buckling load for bending governs
the overall design for aluminum 2007 T3 for orthotropic material. Therefore, load case 1 for
aluminum 2007 T3 is as follows:
𝐿𝑜𝑎𝑑 𝐶𝑎𝑠𝑒 1 = 57 𝑘𝑖𝑝𝑠 ∗ 0.6 = 34.2 𝑘𝑖𝑝𝑠
The second load case which must be applied to the aluminum 2007 T3 interstage iteration
is the following:
𝐿𝑜𝑎𝑑 𝐶𝑎𝑠𝑒 2 = 𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑚𝑜𝑑𝑒 (𝑒𝑖𝑔𝑒𝑛𝑣𝑎𝑙𝑢𝑒) ∗ 8,400 𝑙𝑏𝑠 ∗ 0.6
Where the positive eigenvalue mode is determined from a buckling analysis of the
component and 0.6 is the breakdown factor from NASA SP 8007. This process is explained more
in chapter 5 and 6 of this report.
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The second material which was tested for the interstage is CYCOM 5320-1 Epoxy Resin
which is label as a “orthotropic,” material. An orthotropic material is a material that has properties
that differ along a three mutually orthogonal twofold axes of rotational symmetry. By using the
equations below, one can determine the total buckling load for axial compression:
1) Correlation Factor:
𝐶𝑜𝑟𝑟𝑒𝑙𝑎𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟: 𝛾 = 𝑞 − 0.901(1 − 𝑒 −𝜑 )
1

𝑟

𝜑 = 16 √ 𝑡

(5.10)
(5.11)

Where r = radius of cylinder = 18.3” and h = depth of sandwich wall = 0.108 therefore:
𝛾 = 0.37
2) Determine Axial stress:
𝑡

𝐴𝑥𝑖𝑎𝑙 𝑆𝑡𝑟𝑒𝑠𝑠: 𝜎 = 0.6𝛾𝐸 𝑟 for when μ = 0.3

(5.12)

Where γ = correlation factor, E = Modulus of Elasticity, t = thickness, r = radius and μ =
poissons ratio.
σ = 7.8 kips
3) Determine buckling load:
𝐵𝑢𝑐𝑘𝑙𝑖𝑛𝑔 𝐿𝑜𝑎𝑑: 𝜎 ∗ (𝜋𝑟 2 )

(5.13)

Where π𝑟 2 is the area where the loading is acting on
𝐵𝑢𝑐𝑘𝑙𝑖𝑛𝑔 𝐿𝑜𝑎𝑑 = 52 𝑘𝑖𝑝𝑠
To determine the total buckling load for bending, the following equations must be used as
stated in NASA SP 8007:
1) Correlation Factor:
𝐶𝑜𝑟𝑟𝑒𝑙𝑎𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟: 𝛾 = 𝑞 − 0.731(1 − 𝑒 −𝜑 )
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(5.14)

1

𝑟

𝜑 = 16 √ 𝑡

(5.15)

Where r = radius of cylinder = 18.3” and h = depth of sandwich wall = 0.108 therefore:
𝛾 = 0.49
2) Determine Axial stress:
𝑡

𝐴𝑥𝑖𝑎𝑙 𝑆𝑡𝑟𝑒𝑠𝑠: 𝜎 = 0.6𝛾𝐸 𝑟 for when μ = 0.3

(5.16)

Where γ = correlation factor, E = Modulus of Elasticity, t = thickness, r = radius and μ =
poissons ratio.
σ = 10.42 kips
3) Determine buckling load:
𝐵𝑢𝑐𝑘𝑙𝑖𝑛𝑔 𝐿𝑜𝑎𝑑: 𝜎 ∗ (𝜋𝑟 2 )

(5.17)

Where π𝑟 2 is the area where the loading is acting on
𝐵𝑢𝑐𝑘𝑙𝑖𝑛𝑔 𝐿𝑜𝑎𝑑 = 69 𝑘𝑖𝑝𝑠
Based off each buckling load, it is determined that the buckling load for bending governs
the overall design for CYCOM 5320-1 Epoxy Resin for orthotropic material. Therefore, load case
1 for CYCOM 5320-1 Epoxy Resin is as follows:
𝐿𝑜𝑎𝑑 𝐶𝑎𝑠𝑒 1 = 69 𝑘𝑖𝑝𝑠 ∗ 0.6 = 41.4 𝑘𝑖𝑝𝑠
The second load case which must be applied to the CYCOM 5320-1 Epoxy Resin interstage
iteration is the following:
𝐿𝑜𝑎𝑑 𝐶𝑎𝑠𝑒 2 = 𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑚𝑜𝑑𝑒 (𝑒𝑖𝑔𝑒𝑛𝑣𝑎𝑙𝑢𝑒) ∗ 8,400 𝑙𝑏𝑠 ∗ 0.6
Where the positive eigenvalue mode is determined from a buckling analysis of the component and
0.6 is the breakdown factor from NASA SP 8007. This process is explained more in chapter 5 and
6.
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The first load case for the final iteration of the interstage was calculated in a different way
based on NASA SP 8007. For a sandwich honeycomb core, a buckling coefficent must be
calculated and applied to the loading vs the first load case for the first iteration where the buckling
load was calculated based on the thickness and radius of the component. Therefore, to determine
the axial compression/bending factor for the final iteration of the interstage, sandwich design, the
following needed to be calculated:
1) Correlation Factor:
𝐶𝑜𝑟𝑟𝑒𝑙𝑎𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟: 𝛾 = 𝑞 − 0.901(1 − 𝑒 −𝜑 )
𝑟

√2

𝜑 = 29.8 √ℎ

(5.18)
(5.19)

Where r = radius of cylinder = 18.3” and h = depth of sandwich wall = 0.108 therefore:
𝛾 = 0.58
2) Determine shear modulus of core of sandwich wall
𝐺𝑥𝑧 = 38 𝑘𝑠𝑖
𝐺𝑦𝑧 = 102 𝑘𝑠𝑖
𝐺𝑥𝑧
𝐺𝑦𝑧

= 0.37

(5.20)

𝑁

3) Determine 𝐷𝑜
𝑞

𝑁𝑜
𝐷𝑞

2𝛾𝐸 ℎ
𝑡 𝑡
𝑟√ 1 2

=

√1−𝜇2

𝐺𝑥𝑧

ℎ2
1
ℎ−
2(𝑡1 +𝑡2 )

(5.21)

Where E = Compressive strength modulus, γ = correlation factor, μ = poisons ratio and 𝑡1
= 𝑡2 = 0.054 thickness of carbon composite inner and outer sheets of interstage design.
𝑁𝑜
𝐷𝑞
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= 0.15

Equation 5.21 gives off a small value therefore this factor does not contribute to the overall
buckling analysis.
4) Determine buckling coefficient:
𝑁𝑥 𝑙2

𝑘𝑥 =

(5.22)

𝜋 2 𝐷1

Where:
𝐷1 =

𝐸∗𝑡∗ℎ2
2−(1−𝜇 2 )

𝐷𝑞 = 𝐺𝑥𝑧 ∗

= 7270.5

(5.23)

= 5130

(5.24)

ℎ2
ℎ−𝑡𝑓

Therefore:
𝑘𝑥 =

𝑁𝑥 𝑙2
𝜋 2 𝐷1

= 20.22

With this coefficient, we would multiply this by the overall static loading on the structure
as well as the breakdown factor as follows:
𝐿𝑜𝑎𝑑 𝐶𝑎𝑠𝑒 1 = [20.22(1,400𝑙𝑏𝑠 ∗ 6 𝐺^′ 𝑠)] ∗ .6 = 102 kips
The overall loading acting on the structure with buckling considered is 102 kilo pounds.
With this information we can apply the loading on the FEA software and verify that the structure
does not fail.
The second load case which must be applied to the structure of the final iteration is as
follows:
𝐿𝑜𝑎𝑑 𝐶𝑎𝑠𝑒 2 = (𝐿𝑜𝑤𝑒𝑠𝑡 𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑀𝑜𝑑𝑒 (𝑒𝑖𝑔𝑒𝑛𝑣𝑎𝑙𝑢𝑒)) [1,400𝑙𝑏𝑠 ∗ 6 𝐺 ′ 𝑠]) ∗ 0.6
Load case 2 for both iterations are the done in the same format. Both load cases for each
iteration of analysis are applied in chapter 6 and verification of the allowable strength of the
interstage is explored more in depth.
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The static loading of the mobile launch stand is handled in a different way. Since the only
static loading acting on the stand is the launch vehicle then based off of ASCE 7-1 and the
American Institute of Steel Construction, the load and resistance factor design that should be
applied to the overall weight of the launch vehicle is 1.4 as shown below:
𝐿𝑜𝑎𝑑 𝑎𝑛𝑑 𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝐹𝑎𝑐𝑡𝑜𝑟 𝐷𝑒𝑠𝑖𝑔𝑛 (𝐿𝑅𝐹𝐷) = 1.4 ∗ 𝐷

(5.25)

Where D = 25,000 lbs, therefore,
𝐿𝑅𝐹𝐷 = 35,000 𝑙𝑏𝑠
This dead loading shall be applied to the FEA analysis software of the entire structure to
verify that each structural member of the launch stand is able to withstand the loading. The hand
calculations of the mobile launch stand for static loading are determined differently and applied
with different design factors since its not only static forces acting on all the members. This will
be shown in detail later on.
5.2 Dynamic Loading
Dynamic loading needs to be accounted for within the structure of the interstage and mobile
launch stand, however due to limitations on available information of the solid rocket boosters and
UTEP Chrome engine, this process must be put on hold until all information is present. Although
information is not present, the process to determine dynamic loading can still be explained. In
order to apply the dynamic loading of any structure, the dynamic enviorment must be accounted
for (vibrations, oscillation, atmospheric). Once the dynamic enviorment is determined, then it is
applied to the FEA model. With this model one can retrieve the modal frequency of the structure
and if the results are adequate, then a forced frequency response is applied to determine the strength
of the structure based on dynamic loading. If no results that are desirable are attained, then the
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model must be reconstructed to account for the missing design strength needed to withstand the
dynamic forces.
5.3 Dead Loading
As defined by “Steel Design 5th Edition,” dead loads are those that are permanent including
the weight of the structure itself, which is most often called self-weight. In addition to the weight
of the structure, dead loads include different types of building components such as fixtures,
mechanical equipment and plumbing. In the case of the mobile launch stand, dead loads include
the following:
•

Overall weight of different components acting within the structure
o Moment arm connection = 2.75 kips
o Rocket Connection = 2.73 kips
o Plate for platform design = 163.36 psf
o Weight of the rocket = 25000 lbs
o Self weight of each member

Each of the listed dead loads are determined by means of using ASCE-7 to determine the
overall weight of a certain material such as the plate for the platform design, the self weight of
each member comes from the steel construction manual which displays the weight in lbs/ft for
each member, the moment arm and rocket connection are evaluated by means of FEA software
where it is constrain at a certain point with no loads acting on it and the software determines the
weight in lbs. Dead loads vary based on where they are being applied. In chapter 6, it discusses
how each dead load is factored and where each dead load is applied within the mobile launch stand.
Dead loads need to be factored with live loads in order to get a better analysis of the structure.
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5.4 Live Loading
Live loads as defined by “Steel Design 5th Edition,” are those loadings that are not as
permanent as dead loads. They may or may not be acting on the structure at any given time, and
the location may not be fixed. Exampls of live loadings include furniture, equipment, occupants
or even other types of loadings such as vibrations or resonance loadings. The magnitude of a live
load is not as well defined as the magnitude of a dead load therefore it is usually estimated. In
most cases, the live load acting on a strucutral member is placed in different positions as to not
overlook any failure conditions in the analysis. In the case of the mobile launch stand, live loads
include the following:
•

250 psf loading for loading platform design

•

300 lb concentrated load on certain points of the structure for a ladder design

The way these loadings are determined is based from ASCE-7 which lists many general types of
loadings for different buildings. Since the mobile launch stand acts as a loading platform, that is
why the 250 psf is applied to almost every component of the structure. Chapter 6 will go more in
depth on how each dead load is factored with each live load and where they will be applied
within the stand. As mentioned before, dead and live loads need to be factored together to get a
better analysis of the structure.
5.5 Wind Loading
As defined by “Steel Design 5th Edition,” and “ASCE-7,” wind is a force that exerts a presser
or suction on the exterior surface of a building. Although wind loading can become crucial to the
design of a structure when they are tall, the overall magnitude of wind loads is infrequent and are
not considered to be fatigue loads. In the case of the mobile launch stand, it is designed to withstand
wind loadings from the Florida region for two reasons: the location of where the launch vehicle
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team wishes to have a successful launch, Pad 39C is located in Kennedy Space Center and the
highest wind speeds ever calculated in the continental United States is located in Florida based off
of ASCE 7 Figure 26.5-1. Figure 26.1-1 from ASCE 7 displays the outline process for determining
wind loads. The process on how wind loading was determined for the mobile launch stand is
designated below:
1) Determine basic wind speed, V, from figure 26.5-1A, B, or C from ASCE 7
𝐵𝑎𝑠𝑖𝑐 𝑊𝑖𝑛𝑑 𝑆𝑝𝑒𝑒𝑑 𝐹𝑙𝑜𝑟𝑖𝑑𝑎 𝑅𝑒𝑔𝑖𝑜𝑛: 𝑉 = 150 𝑚𝑝ℎ 𝑤𝑖𝑡ℎ 3 𝑠𝑒𝑐𝑜𝑛𝑑 𝑔𝑢𝑠𝑡𝑠
2) Determine wind direction factor 𝐾𝑑 , from table 26.6-1 from ASCE 7
𝐾𝑑 = 0.85 𝑓𝑜𝑟 𝑡𝑟𝑢𝑠𝑠𝑒𝑑 𝑡𝑜𝑤𝑒𝑟𝑠 𝑤𝑖𝑡ℎ 𝑟𝑒𝑐𝑡𝑎𝑛𝑔𝑢𝑙𝑎𝑟 𝑐𝑟𝑜𝑠𝑠 𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑠
3) Determine Exposure category factor, Section 26.7.3 ASCE-7
𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑅𝑜𝑢𝑔ℎ𝑛𝑒𝑠𝑠 "C" therefore use Exposure "D"
4) Determine Topographic Factor, 𝐾𝑧𝑡 , section 26.8 ASCE 7
𝑘𝑧𝑡 = 1, site conditions and location of structure does not meet all the conditions specified
in section 26.8.1
5) Determine Gust Effect Factor, section 26.9 ASCE 7
𝐺𝑓 = 0.85 𝑓𝑜𝑟 𝑟𝑖𝑔𝑖𝑑 𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔𝑠
6) Determine Enclosure Classification, section 26.10
𝑂𝑝𝑒𝑛 𝐵𝑢𝑖𝑙𝑑𝑖𝑛𝑔/𝑆𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒
7) Determine Internal Pressure Coefficient, 𝐺𝐶𝑝𝑖 , section 26-11 and table 26.11-1 ASCE 7
𝐺𝐶𝑝𝑖 = 0 𝑓𝑜𝑟 𝑜𝑝𝑒𝑛 𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔𝑠
8) Determine Velocity Pressure Coefficient 𝑘𝑧 from 0ft to 50 ft using Exposure “D” from
table 27.3-1 ASCE 7
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Table 5.1: Velocity Pressure Coefficient Based off Structure Height
Height

Value at Exposure “D”

0-15 ft

1.03

20 ft

1.08

25 ft

1.12

30 ft

1.16

40 ft

1.22

50 ft

1.27

9) Determine Velocity Pressure 𝑞𝑧 , section 27.3.2 ASCE 7
𝑞𝑧 = 0.00256𝐾𝑧 𝐾𝑧𝑡 𝐾𝑑 𝑉 2

(5.26)

Table 5.2: Velocity Pressure Based off Structure Height
Height

Velocity Pressure

0-15 ft

51.22 psf

20 ft

53.7 psf

25 ft

55.70 psf

30 ft

57.68 psf

40 ft

60.66 psf

50 ft

63.15sf

10) Determine the Design Wind Pressure P, section 27.4.3 ASCE 7

𝑝 = 𝑞ℎ 𝐺𝐶𝑛

(5.27)

Where G is the gust factor and 𝐶𝑁 is the net pressure coefficient determined from figures
27.4-4 through 27.4-7
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The tables below display the external pressure acting on the mobile launch stand based off
of load case “A” with the wind direction flowing at 0° and the wind flow is clear:
Table 5.3: Windward Wall External Pressure, Load Case A, Wind Flow Clear
Height

Velocity Pressure

Net Pressure

External Pressure

Coefficient
0-15’

51.22 psf

1.2

52.25 psf

20’

53.7 psf

1.2

54.77 psf

25’

55.70 psf

1.2

56.81 psf

30’

57.68 psf

1.2

58.83 psf

40’

60.66 psf

1.2

61.67 psf

50’

63.15 psf

1.2

64.41 psf

Table 5.4: Leeward Wall External Pressure, Load Case A, Wind Flow Clear
Height

Velocity Pressure

Net Pressure

External Pressure

Coefficient
0-15’

51.22 psf

0.3

13.06 psf

20’

53.7 psf

0.3

13.69 psf

25’

55.70 psf

0.3

14.20 psf

30’

57.68 psf

0.3

14.71 psf

40’

60.66 psf

0.3

15.47 psf

50’

63.15 psf

0.3

16.11 psf

44

The table below displays the external pressure acting on the mobile launch stand based off
load case “B” with the wind flowing at 0° and the wind flow is clear:
Table 5.5: Windward Wall External Pressure, Load Case B, Wind Flow Clear
Height

Velocity Pressure

Net Pressure

External Pressure

Coefficient
0-15’

51.22 psf

-1.1

-47.89 psf

20’

53.7 psf

-1.1

-50.21 psf

25’

55.70 psf

-1.1

-52.08 psf

30’

57.68 psf

-1.1

-53.93 psf

40’

60.66 psf

-1.1

-56.71 psf

50’

63.15 psf

-1.1

-59.05 psf

Table 5.6: Leeward Wall External Pressure, Load Case B, Wind Flow Clear
Height

Velocity Pressure

Net Pressure

External Pressure

Coefficient
0-15’

51.22 psf

-.1

-4.35 psf

20’

53.7 psf

-.1

-4.65 psf

25’

55.70 psf

-.1

-4.73 psf

30’

57.68 psf

-.1

-4.90 psf

40’

60.66 psf

-.1

-5.16 psf

50’

63.15 psf

-.1

-5.37 psf

Based off all the information in the tables listed above as per ASCE 7, each model below
shows the overall wind loading acting on the structure as per each load case:
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64.41 psf
61.67 psf

58.83 psf

56.81 psf

54.77 psf

52.25 psf
16.11 psf
15.47 psf

14.71 psf

14.20 psf

13.69 psf

13.06 psf
Figure 5.1 Wind Flow Clear, Load Case A
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-59.05 psf

-56.71 psf

-53.93 psf

-52.08 psf

-50.21 psf

-47.89 psf
-5.37 psf
-5.16 psf

-4.90 psf

-4.73 psf

-4.65 psf

-4.35 psf
Figure 5.2 Wind Flow Clear, Load Case B
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After careful determination of all wind loads acting on the structure, it was decided that the
structure be designed for the maximum wind load that is acting on it therefore Load Case A. This
analysis can be seen in chapter 5 and 6. The wind load is factored by 0.5 as per LRFD regulations
of steel construction.
5.6 Combination of Loading
As designated in ASCE 7, load factors and load combinations are used as prescribed by the
governing building code. If the building code does not give them, then ASCE 7 is used to determine
the factored loading. Each load factor and load combination used is based on extensive statistical
studies and are prescribed by most building codes. For the case of the mobile launch stand, there
is one basic load combination used for all hand calculations to verify that all members are strong
enough to hold the required loading.
The main load factor and load combination used during the analysis of each beam, brace,
column, connection, angle and concrete slab is the following:
1.2𝐷 + 1.6𝐿 + 0.5𝑊

(5.28)

Where D = Dead Loads, L = Live Loads and W = Wind loads. Although the loading may be
different for each member based on its placement and the loading acting on it, the load factors and
load combinations never change.
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Chapter 6: Structural Analysis
This chapter will go in depth on how each load combination and each loading found from
chapter 5 is applied to the interstage and mobile launch stand. One thing to point out is that for the
mobile launch stand, hand calculations were completed first to verify each component would
successfully carry the factored loads, then the FEA includes the factored loads acting on the
members to perform a second check to verify that the members are still strong enough to withstand
the loading acting upon them.
6.1 Interstage Analysis
The analysis of the interstage was conducted by means of FEA using the software
“Hypermesh.” The way this program works is by imputing a physical geometry into the software
and then extracting the midsurfaces of the geometry and conducting a mesh of the midsurfaces. A
mesh of an object means it is converted to a mix of squares or triangles based on the about of nodes
you wish to input. The finer the mesh, the better results you get for your analysis. The first iteration
of the design as shown in chapter 4, included the analysis of 2 different types of materials for the
interstage; CYCOM 5320-1 Epoxy T40/800B and Aluminum 2007 T3. The figure below shows
how the first iteration was constrained and where the loading was taking place on them.
Loading

Constraints

Figure 6.1 Interstage Loading and Constraints
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As discussed in chapter 5, there were a total of two loading conditions applied to this
design;
•

Load Case 1: Apply the hand calculated buckling load well as the break down factor

•

Load Case 2: Determine the lowest positive mode (eigenvalue) from applied load
for buckling analysis and multiply this to the total applied load and the breakdown
factor.

Figure 6.2 Aluminum 2007 T3, Load Case 1

The results for the FEA based on the Aluminum 2007 T3 for load case 1 can be seen in Figure
6.2:
1) Factor of Safety, 𝑛𝑓𝑠 = 0.09
2) Weight = 65 lbs
3) Max Stress, 𝜎𝑚𝑎𝑥 = 6.11E5 psi
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This design proved to be inadequate due to the low factor of safety, which was less than the
design parameter (1.25). The weight was an issue as well because it was above our target weight
parameter of 20 lbs.
The figure below displays the applied loading of 8,400 lbs as well as the lowest buckling mode
determined for load case 2 calculations of aluminum 2007 T3:

Figure 6.3 Aluminum 2007 T3, Static and Buckling Modes
Using the information from above, we apply the equation from chapter 5:
𝑂𝑣𝑒𝑟𝑎𝑙𝑙 𝐵𝑢𝑐𝑘𝑙𝑖𝑛𝑔 𝐿𝑜𝑎𝑑 = (𝐿𝑜𝑤𝑒𝑠𝑡 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑏𝑢𝑐𝑘𝑙𝑖𝑛𝑔 𝑚𝑜𝑑𝑒[1,400𝑙𝑏𝑠 ∗ 6 𝐺 ′ 𝑠]) ∗ 0.6 (6.1)
𝑂𝑣𝑒𝑟𝑎𝑙𝑙 𝐵𝑢𝑐𝑘𝑙𝑖𝑛𝑔 𝐿𝑜𝑎𝑑 = (0.84[1,400𝑙𝑏𝑠 ∗ 6 𝐺 ′ 𝑠]) ∗ 0.6 = 4233.6 𝑙𝑏𝑠

Figure 6.4 Aluminum 2007 T3, Load Case 2
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The results for the FEA based on the Aluminum 2007 T3 for load case 2 can be seen in Figure
6.4:
1) Factor of Safety, 𝑛𝑓𝑠 = 0.75
2) Weight = 65 lbs
3) Max Stress, 𝜎𝑚𝑎𝑥 = 7.5E4 psi
This design proved to be inadequate due to the low factor of safety, which was less than the
design parameter (1.25). The weight was an issue as well because it was above our target weight
parameter of 20 lbs.
The figure below displays the results from the FEA for CYCOM 5320-1 epoxy resin under
load case 1:

Figure 6.5 CYCOM 5320-1, Load Case 1
The results for the FEA based on the CYCOM 5320-1 Epoxy for load case 1 can be seen in
Figure 6.5:
1) Factor of Safety, 𝑛𝑓𝑠 = 0.26
2) Weight = 30 lbs
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3) Max Stress, 𝜎𝑚𝑎𝑥 = 6.11E5 psi
This design proved to be inadequate due to the low factor of safety, which was less than the
design parameter (1.25). The weight was an issue as well because it was above our target weight
parameter of 20 lbs. The figure below displays the applied loading of 8,400 lbs as well as the
lowest buckling mode determined for load case 2 calculations of CYCOM 5320-1 Epoxy Resin:

Figure 6.6 CYCOM 5320-1, Static and Buckling Modes
Using the information from above, we apply the equation from chapter 5:
𝑂𝑣𝑒𝑟𝑎𝑙𝑙 𝐵𝑢𝑐𝑘𝑙𝑖𝑛𝑔 𝐿𝑜𝑎𝑑 = (𝐿𝑜𝑤𝑒𝑠𝑡 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑏𝑢𝑐𝑘𝑙𝑖𝑛𝑔 𝑚𝑜𝑑𝑒[1,400𝑙𝑏𝑠 ∗ 6 𝐺 ′ 𝑠]) ∗ 0.6 (6.2)
𝑂𝑣𝑒𝑟𝑎𝑙𝑙 𝐵𝑢𝑐𝑘𝑙𝑖𝑛𝑔 𝐿𝑜𝑎𝑑 = (1.01[1,400𝑙𝑏𝑠 ∗ 6 𝐺 ′ 𝑠]) ∗ 0.6 = 5090.4 𝑙𝑏𝑠

Figure 6.7 CYCOM 5320-1, Load Case 2
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The results for the FEA based on the CYCOM 5320-1 Epoxy for load case 2 can be seen in
Figure 6.7:
1) Factor of Safety, 𝑛𝑓𝑠 = 2.2
2) Weight = 30 lbs
3) Max stress, 𝜎𝑚𝑎𝑥 = 8.846E4 psi
Based off all the load case analysis for the first iteration of each material (aluminum 2007
T3 and CYCOM 5320-1), none of the cases displayed desirable results. Either the factor of safety
was to low, or the weight was to high. Therefore, the launch vehicle team decided to redesign the
interstage to have an inner and outer carbon composite shell with an aluminum honeycomb interior
to try to shed off weight as well as improve strucutral rigidity.
The figure below displays the analysis of the final iteration of the interstage with respect
to load case 1 as described in chapter 5;

Figure 6.8 CYCOM 5320-1 w/ 5056 Aluminum Core, Load Case 1
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The results for the FEA based on the CYCOM 5320-1 Epoxy T40/800B outer and inner shell
along with the 5056 Aluminum Alloy honeycomb core for load case 1 can be seen in Figure 6.8.
It includes the following data:
1) Factor of Safety, 𝑛𝑓𝑠 = 1.5
2) Weight = 17 lbs
3) 𝜎𝑚𝑎𝑥 = 1.142E5 psi

Figure 6.9 CYCOM 5320-1 w/ 5056 Aluminum Core, Load Case 2
The results for the FEA based on the CYCOM 5320-1 Epoxy T40/800B outer and inner shell
along with the 5056 Aluminum Alloy honeycomb core for load case 2 can be seen in Figure 6.9.
It includes the following data:
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1) Factor of Safety, 𝑛𝑓𝑠 = 26
2) Weight = 17 lbs
3) Max Stress, 𝜎𝑚𝑎𝑥 = 7.203E3 psi
Based off the analysis of the final iteration of the interstage, it is adequate enough to hold the
hand calculated buckling load of load case 1 as well as the FEA calculated buckling mode of
load case 2. Therefore, this design of the interstage is to be fabricated and applied to the launch
vehicle.
6.2 Mobile Launch Stand Analysis
The analysis of the mobile launch stand was conducted in the same format as the interstage
as far as using the software “Hypermesh,” and inputting the load cases based off the load
combinations discussed in chapter 5. The first section will discuss the overall hand calculations
for each member of the tower, platform and blast deflector because each of these assemblies
include major strucutral steel components while the other assemblies included components that
must be analyzed by FEA and then fabricated in an offsite facility. It is written in “given, required
and solution,” format.
Tower Assembly: HSS 7x4x1/2 Beam Analysis
Each beam that is assembled in the tower is rigidly connected by means of welds therefore
in the hand calculations, the beam is “fixed,” on both ends to simulate loading reactions going in
the “x,” “y,” and moments on either end.
Hand calculations:
•

Given:
1) Length of member = 113”
2) A36 steel properties
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3) Loadings:
a) 𝐷 = 𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝐵𝑒𝑎𝑚 = 31.84 𝑙𝑏/𝑓𝑡
b) 𝐿 = 250 𝑝𝑠𝑓(2𝑓𝑡 𝑡𝑟𝑖𝑏𝑢𝑡𝑎𝑟𝑦 𝑤𝑖𝑑𝑡ℎ) 𝑎𝑛𝑑 300 𝑙𝑏𝑠
𝑙𝑏

c) 𝑊𝑢 (𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑒𝑑 𝑙𝑜𝑎𝑑𝑖𝑛𝑔) = 1.2𝐷 + 1.6𝐿 = 838.21 𝑓𝑡

(6.1)

d) 𝑃𝑢 (𝑝𝑜𝑖𝑛𝑡 𝑙𝑜𝑎𝑑𝑖𝑛𝑔) = 1.2𝐷 + 1.6𝐿 = 480 𝑙𝑏𝑠

(6.2)

•

Required: Brace design, Chapter D, F, G, J of Steel Construction Manual

•

Solution:

Determine Reactions from Figure 6.11:
𝐴𝑦 = 𝐵𝑦 =

𝑇𝑜𝑡𝑎𝑙 𝐿𝑜𝑎𝑑𝑖𝑛𝑔
2

= 1.83 𝑘𝑖𝑝𝑠

(6.3)

There are two end moment scenarios based on fixed points on beam:
1) Distributed Loading: 𝑀1 =
2) Point loading: 𝑀2 =

𝑊𝑙2

(6.4)

12

𝑃𝑙

(6.5)

8

3) Overall moment acting at end points: 𝑀𝐴 = 𝑀1 + 𝑀2 = 1.26 𝑓𝑡 − 𝑘

2’

Figure 6.10 Tributary Width of Tower

57

(6.6)

𝑃𝑢 = 0.48 kips

𝑊𝑢 = 0.838 𝑘𝑖𝑝𝑠/𝑓𝑡

4’

1.83 kips

.15 kips

-.15 kips

-1.83 kips

0.68 k-ft

-1.26 k-ft

-1.26 k-ft

Figure 6.11 Shear Moment Diagram for Tower Beam Analysis
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Based off shear and moment diagram:
𝑉𝑢 = 1.83 𝐾
𝑀𝑢 = 1.3 𝑘 − 𝑓𝑡
Where 𝑉𝑢 is the maximum factored load shear force and 𝑀𝑢 is the maximum factored load
moment.
Check Design Moment of Beam:
•

Conduct quality check of beam
1) Determine if beam shape is compact, non-compact or slender
2) Determine limit states based on criteria listed above

To determine if the shape is compact, non-compact or slender, the following values must
be compared;
𝐸

𝜆𝑝 = 1.12√𝑓

(6.7)

𝑏/𝑡

(6.8)

𝑦

Where 𝜆𝑝 is the limiting width to thickness ratio of the beam and b/t is the width to
thickness ratio of the beam. Based of the steel construction manual, the limiting width to thickness
ratio is 30.9 and the width to thickness ratio is 5.6 therefore the member is compact.
The limit states for a compact rectangular HSS member based of the steel construction
manual are as follows:
𝑌𝑖𝑒𝑙𝑑𝑖𝑛𝑔: 𝑀𝑛 = 𝑀𝑝 = 𝑓𝑦 𝑍

(6.9)

Where 𝑀𝑛 = 𝑀𝑝 is the unfactored design moment, 𝑓𝑦 is the yield stress and Z is the
moment of inertia of the member based of the steel construction manual
𝑌𝑖𝑒𝑙𝑑𝑖𝑛𝑔: 𝑀𝑛 = 𝑀𝑝 = 𝑓𝑦 𝑍 = 59.5 𝑘 − 𝑓𝑡
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𝐹𝑎𝑐𝑡𝑜𝑟𝑒𝑑 𝑌𝑖𝑒𝑙𝑑𝑖𝑛𝑔 𝑀𝑜𝑚𝑒𝑛𝑡 = 0.9 ∗ 𝑀𝑛 = 53.55 𝑘 − 𝑓𝑡
Where 0.9 is the resistance factor for bending (flexure). Based off analysis, the factored
yielding moment is greater than the demand moment (𝑀𝑢 ) calculated from loadings acting on
beam, therefore beam is adequate in moment design
Check Design Shear of Beam:
•

Conduct quality check of beam
1) Limit states of shear yielding/buckling apply

To determine the limit states of shear yielding/buckling, the following equation must be
applied based of AISC Chapter G, Design of Members for Shear;
𝑉𝑛 = 0.6𝑓𝑦 𝐴𝑤 𝐶𝑣

(6.10)

Where 𝑉𝑛 is the unfactored design shear of the member, 𝐴𝑤 is the area of the “web,” and
𝐶𝑣 is the ratio of critical web shear stress to web shear yield stress in a plate girder.
𝑉𝑛 = 0.6𝑓𝑦 𝐴𝑤 𝐶𝑣 = 148.42 𝑘𝑖𝑝𝑠
Factored Design Shear φ𝑉𝑛 = 0.6𝑓𝑦 𝐴𝑤 𝐶𝑣 =133.6 kips

(6.11)

Based off analysis, the factored design shear is greater than the demand shear (𝑉𝑢 )
calculated from loadings acting on beam, therefore beam is adequate in shear design.
Check Weld Connection of Beam:
•

Quality check of 3/16” fillet weld
1) Design strength of weld

To determine the design strength of the weld, the following equations must be used and
evaluated against the maximum factored shear force or 𝑉𝑢 ;
𝑅𝑛 = 0.707𝑤𝐹𝑛𝑤

60

(6.12)

Where 𝑅𝑛 is the nominal resistance of the connection, w is the and 𝐹𝑛𝑤 is the ultimate
shearing stress of the weld electrode, therefore:
𝑅𝑛 = 7.95 𝑘𝑖𝑝𝑠/𝑖𝑛𝑐ℎ
Determine the design strength of the connection;
𝜑𝑅𝑛 = 5.9625 𝑘𝑖𝑝𝑠/𝑖𝑛𝑐ℎ
Where φ is the design factor for welded and bolted connections, 0.75
Determine shear yield strength of the connection;
𝜑𝑅𝑛 = .75 ∗ 0.6 ∗ 𝑓𝑦 ∗ 𝑡

(6.13)

𝜑𝑅𝑛 = 10.8 𝑘𝑖𝑝𝑠/𝑖𝑛𝑐ℎ
Where φ is the design factor for welded and bolted connections, 𝑓𝑦 is the yield strength of
the material and t is the thickness of the member
Determine the shear rupture strength;
𝜑𝑅𝑛 = .75 ∗ 0.6 ∗ 𝑓𝑢 ∗ 𝑡

(6.14)

𝜑𝑅𝑛 = 13.05 𝑘𝑖𝑝𝑠/𝑖𝑛𝑐ℎ
Where φ is the design factor for welded and bolted connections, 𝑓𝑦 is the yield strength of
the material and t is the thickness of the member
Based on the previous calculations for the yield and rupture strength, the shear rupture strength
controls due to its larger value of the two. Therefore, the available shear strength of the weld is
equal to the rupture strength.
Determine the design strength of the connection;
𝑘𝑖𝑝𝑠

𝜑𝑅𝑛 = 5.9625 𝑖𝑛𝑐ℎ ∗ (𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑡ℎ𝑒 𝑤𝑒𝑙𝑑, 22 𝑖𝑛𝑐ℎ𝑠)
𝜑𝑅𝑛 = 131 𝑘𝑖𝑝𝑠
Design strength is greater than factored shear force 𝑉𝑢 therefore design is adequate.
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(6.15)

Tower Assembly: HSS 7x7x5/8 Column Analysis
Each column that is assembled in the tower is rigidly connected by means of welds
therefore in the hand calculations, the column is “fixed,” on one end
Hand Calculations
•

Given:
1) Length of member = 35’
2) A36 steel properties
3) Loadings:
a) 𝐷 = 𝑜𝑣𝑒𝑟𝑎𝑙𝑙 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 𝑎𝑐𝑡𝑖𝑛𝑔 𝑜𝑛 𝑡𝑜𝑤𝑒𝑟 = 21 𝑘𝑖𝑝𝑠 +
𝑙𝑏𝑠

58.81 𝑓𝑡 ∗ 35′
b) 𝐿 = 𝑛𝑜𝑛𝑒
c) 𝑃𝑢 (𝑝𝑜𝑖𝑛𝑡 𝑙𝑜𝑎𝑑𝑖𝑛𝑔) = 1.2𝐷 + 1.6𝐿 = 23 𝑘𝑖𝑝𝑠
•

Required: Colum design, Chapter E of Steel Construction Manual

•

Solution:

(6.16)

Investigate column for local stability:
𝜆 (𝑤𝑖𝑑𝑡ℎ 𝑡𝑜 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑟𝑎𝑡𝑖𝑜) = 9.05
𝜆𝑟 (𝑢𝑝𝑝𝑒𝑟 𝑙𝑖𝑚𝑖𝑡) = 1.40√𝐸/𝑓𝑦 = 39.7

(6.17)

Where E is the modulus of elasticity 𝑓𝑦 is the yield stress of the material and 𝜆𝑟 is the upper
limit of the width to thickness ratio
𝜆 < 𝜆𝑟 therefore, local instability not a factor
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3.66 kips (beam end
reactions * 2) +2.75 kips
(weight of moment arm) =
6.41 kips

35’

3.66 kips (beam end
reactions * 2)

Figure 6.12 Tower Column Free Body Diagram
Compute flexural and buckling strength
Slenderness ratio:
𝑘𝐿
𝑟

= 166.51

(6.18)

Where k is the approximate value of effective length factor, L is the length of the column
and r is the radius of gyration
𝑆𝑙𝑒𝑛𝑑𝑒𝑟𝑛𝑒𝑠𝑠 𝑟𝑎𝑡𝑖𝑜 = 166.51 < 200 (𝑔𝑙𝑜𝑏𝑎𝑙 𝑠𝑙𝑒𝑛𝑑𝑒𝑟𝑛𝑒𝑠𝑠 𝑟𝑎𝑡𝑖𝑜)

(6.19)

Therefore the member is not slender, no further investigation needed
Flexural buckling:
𝐸

4.71√𝑓 = 133.68
𝑦
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(6.20)

Where E is the modulus of elasticity and 𝑓𝑦 is the yield stress. Since the slenderness ratio
is larger than the flexural buckling parameter, the member is elastic therefore further calculations
must be explored;
Critical Stress:
Use the equation below for critical stress due to the member being elastic;
𝐹𝑐𝑟 = 0.877𝐹𝑒

(6.21)

Where 𝐹𝑐𝑟 is the critical stress and 𝐹𝑒 is the elastic buckling stress of the member
𝐹𝑒 =

𝜋2𝐸
𝑘𝐿 2
)
𝑟

(

=10.32 ksi

(6.22)

𝐹𝑐𝑟 = 9.05 𝑘𝑠𝑖
Nominal Compressive Stress:
𝑃𝑛 = 𝐹𝑐𝑟 𝐴𝑔 = 126.7 𝑘𝑖𝑝𝑠

(6.23)

Where 𝐴𝑔 is the gross area of the member
Determine design strength:
𝜑𝑃𝑛 = 0.9 ∗ 126.7 = 114.03 𝑘𝑖𝑝𝑠

(6.24)

Where φ is the factored design strength for compression design of members. Therefore, the
design strength of the member is greater than the factored concentrated load 𝑃𝑢 , design is adequate.
Although design is adequate, verify that column is adequate for beam-column design since column
is rigidly connected by means of welding.
Verify column is adequate for beam-column design by approximate 2nd order analysis
•

Given: Factored loads;
1) 𝑃𝑢 ,=21 kips (summation of end beam reactions acting on the column)
2) 𝑀𝑢 = 1.3 k-ft (factored load moment from beam design)
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3) Wind loading = 64.14 psf (maximum loading on structure)
•

Required: beam column verification

•

Solution:
21 kips

1.3 ft- kips

61.14 psf

35’

1.3 ft- kips

21 kips

Figure 6.13 Tower Beam Column Reactions
Determine required axial strength, 𝑃𝑟 ;
𝑃𝑟 = 𝑃𝑢 = 𝑃𝑛𝑡 + 𝐵2 𝑃𝑙𝑡
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(6.25)

Where 𝑃𝑛𝑡 is the axial loading corresponding to a braced beam column, 𝐵2is the
amplification factor for beam columns and 𝑃𝑙𝑡 is the axial load corresponding to an unbraced beam
column
𝑃𝑙𝑡 = 𝑊𝑖𝑛𝑑 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 ∗ 𝑏𝑒𝑎𝑚 𝑤𝑖𝑑𝑡ℎ ∗ 𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑚𝑒𝑚𝑏𝑒𝑟 = 1.3 𝑘𝑖𝑝𝑠 (6.26)
𝐵2 =

1
1−

𝛼𝑃𝑠𝑡𝑜𝑟𝑦

(6.27)

𝑃𝑒𝑠𝑡𝑜𝑟𝑦

Where 𝑃𝑠𝑡𝑜𝑟𝑦 = 𝑃𝑛𝑡 = 21 𝑘𝑖𝑝𝑠 and 𝑃𝑒𝑠𝑡𝑜𝑟𝑦 is the total elastic buckling strength of a story;
𝜋 2 𝐸𝐼

𝑃𝑒𝑠𝑡𝑜𝑟𝑦 = (𝑘𝐿)2 = 358 𝑘𝑖𝑝𝑠

(6.28)

Where E is the modulus of elasticity of the material, I is the moment of inertia of the
component, k is the effective length factor for compression members and L is the length of the
member. Therefore, using the above equations, it is determined that the required axial strength is;
𝑃𝑟 = 𝑃𝑢 = 𝑃𝑛𝑡 + 𝐵2 𝑃𝑙𝑡 = 22.3 𝑘𝑖𝑝𝑠
Determine the maximum factored axial loading the member can withstand from column
load tables for effective length KL =23’ where K is 0.65 from ASIC table C-A-7.1. Therefore;
𝜙𝑃𝑛 = 268 𝑘𝑖𝑝𝑠
Using equation AISC H1-1a;
𝑃𝑢
𝜑𝑃𝑛

= 0.08

(6.29)

This value is less than the parameter 0.2 set from AISC H1-1a, therefore use the following
interaction equation;

𝑃𝑢
2𝜑𝑃𝑛

𝑀

+ 𝜑𝑀𝑢 < 1.0
𝑛

(6.30)

Where 𝑀𝑢 is the required moment strength and 𝜑𝑀𝑛 is the factored moment strength from
design charts of the manual;
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𝜑𝑀𝑛 =114 k-ft (from design charts)
𝑀𝑢 = 𝐵1 𝑀𝑛𝑡 + 𝐵2 𝑀𝑙𝑡

(6.31)

Where 𝐵1 and 𝐵2 are the amplification factors for beam columns, 𝑀𝑛𝑡 is the maximum
moment in a beam column restrained against sideways and 𝑀𝑙𝑡 is the maximum moment in a beam
column restrained against sideways
𝑀𝑛𝑡 = 1.3 𝑘 − 𝑓𝑡 (maximum moment in a beam column restrained against
sideways)
𝑀𝑙𝑡 = 45.5 𝑘 − 𝑓𝑡 (𝑃𝑙𝑡 ∗ 𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑚𝑒𝑚𝑏𝑒𝑟 (35′ ))
𝐵1 =
𝐵2 =

𝑐𝑚
1−

𝛼𝑃𝑟
𝑃𝑒1

= 1.06

1
1−

𝛼𝑃𝑠𝑡𝑜𝑟𝑦

= 1.06

(6.32)
(6.33)
(6.34)

(6.35)

𝑃𝑒𝑠𝑡𝑜𝑟𝑦

Where 𝑐𝑚 is bending factor for braced beam columns, 𝑃𝑟 is the required axial strength, 𝑃𝑒1
is the total elastic buckling strength of the story (𝑃𝑒𝑠𝑡𝑜𝑟𝑦 )
𝑐𝑚 = 1 due to transverse loading (wind loading)

(6.36)

𝑀𝑢 = 𝐵1 𝑀𝑛𝑡 + 𝐵2 𝑀𝑙𝑡 = 62.01 k-ft

(6.37)

With all the equations listed above, determine the interaction equation to verify column is
adequate for beam column design;
𝑃𝑢
2𝜑𝑃𝑛

𝑀

+ 𝜑𝑀𝑢 < 1.0
𝑛

(6.38)

0.58 < 1.0 therefore, design is adequate
Tower Assembly: HSS 7x4x1/2 Bracing Analysis
Each bracing that is assembled in the tower is rigidly connected by means of welds
therefore in the hand calculations, the bracing is “fixed,” on both ends.
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Hand calculations:
•

Given:
1) Length of member = 113”
2) A36 steel properties

•

Required: Brace design, Chapter D and G of Steel Construction Manual

•

Solution:
0.3 kips

𝑊𝑢 = 0.838 𝑘𝑖𝑝𝑠/𝑓𝑡

Figure 6.14 Tower Bracing Loadings and Reactions
Determine Shear force resistance provided by bracing;
𝑃𝑟𝑏 = 0.004𝑃𝑟

(6.39)

Where 𝑃𝑟 is the vertical load to be stabilized, therefore solve for the brace that is supporting
the most loading, the bottom braces of the tower
𝑃𝑟 = 1.2𝐷 + 1.6𝐿 = 47 𝑘𝑖𝑝𝑠
Where D = 4{(.838k/ft)(4ft)}+.3k+(21k*2)

(6.40)
(6.41)

Where .838 k/ft is the overall distributed loading acting on the beam multiplied by 4
because there are 4 beams on top of this bracing with the same loading, .3k from concentrated
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loading of ladder from beam design, and 21k from overall column load multiplied by 2 because
there are two columns.
𝑃𝑟𝑏 = 0.004𝑃𝑟 = 0.188 𝑘𝑖𝑝𝑠
Consider as Tension Member
Braced force = 𝐹 =
8.54′

Where 𝜃 = 𝑡𝑎𝑛−1 (

4′

(6.42)

) = 65°, therefore;

𝑃𝑟𝑏

Braced force = 𝐹 =

𝑃𝑟𝑏
𝑐𝑜𝑠𝜗

𝑐𝑜𝑠𝜗

(6.43)

= 0.44 𝑘𝑖𝑝𝑠

Limit states for tension yielding:
𝐴=

𝐹
0.9𝑓𝑦

= 0.01 𝑖𝑛𝑐ℎ𝑒𝑠 2

(6.44)

Determine the required lateral stiffness of member:
𝐵𝑏𝑟 =

1
𝜑

(

2𝑃𝑟
𝐿𝑏

) = 1.14 𝑘𝑖𝑝𝑠/𝑖𝑛𝑐ℎ

(6.45)

Where 𝑃𝑟 is the vertical loading to be stabilized, 𝐿𝑏 is the length of the member and φ is
the design factor for bracing, 0.75
Using Axial and Lateral stiffness equations, determine minimum area needed for bracing
design
𝐹

𝐴𝑥𝑖𝑎𝑙 𝑠𝑡𝑖𝑓𝑓𝑛𝑒𝑠𝑠 = 𝛿

𝐴𝑥𝑖𝑎𝑙 𝑠𝑡𝑖𝑓𝑓𝑛𝑒𝑠𝑠 ∗ 𝑐𝑜𝑠 2 𝜃 = 𝐿𝑎𝑡𝑒𝑟𝑎𝑙 𝑠𝑡𝑖𝑓𝑓𝑛𝑒𝑠𝑠, therefore;
𝐹

1

2𝑃

𝑐𝑜𝑠 2 𝜃 = 𝜑 ( 𝐿 𝑟 )
𝛿
𝑏

(6.46)
(6.47)
(6.48)

Axial stiffness can be rewritten as the following:
𝐴𝐸
𝐿
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(6.49)

Where A is the required area of the member, E is the modulus of elasticity and L is the
length of the member;
𝐴𝐸
𝐿

𝑐𝑜𝑠 2 𝜃 = 1.14

(6.50)

Solve for “A,” which equals 0.02 𝑖𝑛𝑐ℎ𝑒𝑠 2
HSS 7x4x1/2 cross section = 8.81 inches squared > Area required therefore design
adequate for bracing member.
Platform Assembly: HSS 12x12x5/8 Beam Analysis
Each beam that is assembled in the platform is rigidly connected by means of welds
therefore in the hand calculations, the beam is “fixed,” on both ends to simulate loading reactions
going in the “x,” “y,” and moments on either end. There are figures that designate which beams,
columns and bracing are under design. All beams for the platform have the same design strength,
therefore each beam will be investigated first and then compared to its actual vs demand strength.

5.6 ft

Figure 6.15 Beam “F” as shown in chapter 4, F1
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Hand calculations:
•

Given:
1) Length of member = 12.2’”
2) A36 steel properties
3) Loadings:
a) D = 2*2730 lbs for both rocket connections as shown in chapter
4, 163.36 psf for the plate, 12500 lbs for half the weight of the
rocket and the total weight of the beam 93.34 lb/ft
b) 𝐿 = 250 𝑝𝑠𝑓(5.6𝑓𝑡 𝑡𝑟𝑖𝑏𝑢𝑡𝑎𝑟𝑦 𝑤𝑖𝑑𝑡ℎ) 𝑎𝑛𝑑 300 𝑙𝑏𝑠
c) 𝑊𝑢 (𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑒𝑑 𝑙𝑜𝑎𝑑𝑖𝑛𝑔) = 1.2𝐷 + 1.6𝐿

𝑊𝑢 = 1.2 (163.36𝑝𝑠𝑓 ∗ 5.6𝑓𝑡 + 93.34

(651)

𝑙𝑏𝑠
) + 1.6(250𝑝𝑠𝑓 ∗ 5.6𝑓𝑡) = 3.45𝑘/𝑓𝑡
𝑓𝑡

d) 𝑃𝑢1 (𝑝𝑜𝑖𝑛𝑡 𝑙𝑜𝑎𝑑𝑖𝑛𝑔) = 1.2𝐷 + 1.6𝐿

(6.52)

𝑃𝑢1 = 1.2(2730 𝑙𝑏𝑠(𝑟𝑜𝑐𝑘𝑒𝑡 𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛)) + 1.6(0) = 3.3 𝑘𝑖𝑝𝑠
e) 𝑃𝑢2 (𝑝𝑜𝑖𝑛𝑡 𝑙𝑜𝑎𝑑𝑖𝑛𝑔) = 1.2𝐷 + 1.6𝐿

(6.53)

𝑃𝑢2 = 1.2(12500 𝑙𝑏𝑠 (ℎ𝑎𝑙𝑓 𝑜𝑓 𝑟𝑜𝑐𝑘𝑒𝑡 𝑤𝑒𝑖𝑔ℎ𝑡)) + 1.6(0) = 15 𝑘𝑖𝑝𝑠
•

Required: Brace design, Chapter D, F, G, J of Steel Construction Manual

•

Solution:

Determine Reactions from Figure 6.15:
𝐴𝑦 = 𝐵𝑦 =

𝑡𝑜𝑡𝑎𝑙 𝑙𝑜𝑎𝑑𝑖𝑛𝑔
2

= 31.8 𝑘𝑖𝑝𝑠

(6.54)

There are two end moment scenarios based on fixed points on beam:
1) Distributed Loading: 𝑀1 =

𝑊𝑙2

(6.55)

12
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2) Point loading: 𝑀2 =

𝑃𝑙

(6.56)

8

3) Point loading at point “x”: 𝑀3 =

𝑃𝑎𝑏 2
𝑙2

𝑜𝑟

𝑃𝑎2 𝑏
𝑙2

4) Overall moment acting at end points: 𝑀𝐴 = 𝑀1 + 𝑀2 + 𝑀3 = 70.83 𝑓𝑡 − 𝑘
Based off shear and moment diagram below:
𝑉𝑢 = 31.8 𝐾
𝑀𝑢 = 70.83 𝑘 − 𝑓𝑡
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(6.57)
(6.58)

𝑃𝑢1 = 3.3 k

𝑃𝑢1 = 3.3 k

𝑃𝑢2 = 15 k

𝑊𝑢 = 3.45 𝑘𝑖𝑝𝑠/𝑓𝑡

12.2’

23.1 kips

31.8 kips

7.5 kips

19.8 kips

47.2 k-ft

-70.8 k-ft

-70.8 k-ft

Figure 6.16 Shear and Moment Diagram for Platform Beam “F1” Analysis
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7.35 ft

Figure 6.17 Beam “F” as shown in Chapter 4, F2
Hand calculations:
•

Given:
1) Length of member = 12.2’”
2) A36 steel properties
3) Loadings:
a) D = 4570.74 lbs for column load, 163.36 psf for plate, 2730 lbs
per rocket connection and 12500 lbs for half the weight of the
rocket
b) 𝐿 = 250 𝑝𝑠𝑓(7.35𝑓𝑡 𝑡𝑟𝑖𝑏𝑢𝑡𝑎𝑟𝑦 𝑤𝑖𝑑𝑡ℎ) 𝑎𝑛𝑑 300 𝑙𝑏𝑠
c) 𝑊𝑢 (𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑒𝑑 𝑙𝑜𝑎𝑑𝑖𝑛𝑔) = 1.2𝐷 + 1.6𝐿

𝑊𝑢 = 1.2 (163.36𝑝𝑠𝑓 ∗ 7.35𝑓𝑡 + 93.34

(6.59)

𝑙𝑏𝑠
) + 1.6(250𝑝𝑠𝑓 ∗ 7.35𝑓𝑡) = 4.5 𝑘/𝑓𝑡
𝑓𝑡

d) 𝑃𝑢1 (𝑝𝑜𝑖𝑛𝑡 𝑙𝑜𝑎𝑑𝑖𝑛𝑔) = 1.2𝐷 + 1.6𝐿
74

(6.60)

𝑃𝑢1 = 1.2(2730 𝑙𝑏𝑠(𝑟𝑜𝑐𝑘𝑒𝑡 𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛)) + 1.6(0) = 3.3 𝑘𝑖𝑝𝑠
e) 𝑃𝑢2 (𝑝𝑜𝑖𝑛𝑡 𝑙𝑜𝑎𝑑𝑖𝑛𝑔) = 1.2𝐷 + 1.6𝐿

(6.61)

𝑃𝑢2 = 1.2(4570𝑙𝑏𝑠 (𝑐𝑜𝑙𝑢𝑚𝑛)) + 1.6(0) = 5.5 𝑘𝑖𝑝𝑠
f) 𝑃𝑢3 (𝑝𝑜𝑖𝑛𝑡 𝑙𝑜𝑎𝑑𝑖𝑛𝑔) = 1.2𝐷 + 1.6𝐿

(6.62)

𝑃𝑢3 = 1.2(12500 𝑙𝑏𝑠 (ℎ𝑎𝑙𝑓 𝑜𝑓 𝑟𝑜𝑐𝑘𝑒𝑡 𝑤𝑒𝑖𝑔ℎ𝑡)) + 1.6(0) = 15 𝑘𝑖𝑝𝑠
•

Required: Brace design

•

Solution:

Determine Reactions from Figure 6.17:
𝐴𝑦 = 𝐵𝑦 = 𝐶𝑦 = 29.1 𝑘𝑖𝑝𝑠

(6.63)

There are 6 end moment scenarios based on fixed points on beam:
1) Distributed Loading: 𝑀1 =

𝑊𝑙2

(6.64)

12

2) Point loading and center: 𝑀2 =

𝑃𝑙

(6.65)

8

3) Point loading at point “x”: 𝑀3 =

𝑃𝑎𝑏 2
𝑙2

𝑜𝑟

𝑃𝑎2 𝑏
𝑙2

4) moment acting at end points: 𝑀𝐴 = 𝑀1 + 𝑀2 + 𝑀3 = 97.3 𝑓𝑡 − 𝑘
Based off shear and moment diagram:
𝑉𝑢 = 29.1 𝐾
𝑀𝑢 = 97.32 𝑘 − 𝑓𝑡
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(6.66)
(6.67)

𝑃𝑢2 = 5.5 k
𝑃𝑢1 = 3.3 k

𝑃𝑢2 = 5.5 k
𝑃𝑢3 = 15 k

𝑃𝑢1 = 3.3 k

𝑊𝑢 = 4.5 𝑘𝑖𝑝𝑠/𝑓𝑡

12.2’

8.7 kips
29.1 kips

17.76 kips

6.95 kips

14.46 kips
-7.15 kips
3.2 kips

-31.8 k-ft

-97.3 k-ft

-97.3 k-ft
Figure 6.18 Shear Moment Diagram for Platform Beam “F2” Analysis
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1.75 ft

Figure 6.19 Beam “F” as Shown in Chapter 4, F3
Hand calculations:
•

Given:
1) Length of member = 12.2’”
2) A36 steel properties
3) Loadings:
a) D = 4570.74 lbs for column load, 163.36 psf for plate, and 93.34
lbs/ft for weight of the beam
b) 𝐿 = 250 𝑝𝑠𝑓(1.75𝑓𝑡 𝑡𝑟𝑖𝑏𝑢𝑡𝑎𝑟𝑦 𝑤𝑖𝑑𝑡ℎ) 𝑎𝑛𝑑 300 𝑙𝑏𝑠
c) 𝑊𝑢 (𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑒𝑑 𝑙𝑜𝑎𝑑𝑖𝑛𝑔) = 1.2𝐷 + 1.6𝐿

𝑊𝑢 = 1.2 (163.36𝑝𝑠𝑓 ∗ 1.75𝑓𝑡 + 93.34

(6.68)

𝑙𝑏𝑠
) + 1.6(250𝑝𝑠𝑓 ∗ 1.75𝑓𝑡) = 1.15𝑘/𝑓𝑡
𝑓𝑡

d) 𝑃𝑢1 (𝑝𝑜𝑖𝑛𝑡 𝑙𝑜𝑎𝑑𝑖𝑛𝑔) = 1.2𝐷 + 1.6𝐿
77

(6.69)

𝑃𝑢1 = 1.2(4570𝑙𝑏𝑠 (𝑐𝑜𝑙𝑢𝑚𝑛)) + 1.6(0) = 5.5 𝑘𝑖𝑝𝑠
•

Required: Brace design

•

Solution:

Determine Reactions from Figure 6.19:
𝐴𝑦 = 𝐵𝑦 = 𝐶𝑦 = 8.3 𝑘𝑖𝑝𝑠

(6.70)

There are two end moment scenarios based on fixed points on beam:
1) Distributed Loading: 𝑀1 =
2) Point loading: 𝑀2 =

𝑊𝑙2

(6.71)

12

𝑃𝑙

(6.72)

8

3) Overall moment acting at end points: 𝑀𝐴 = 𝑀1 + 𝑀2 = 22.7 𝑓𝑡 − 𝑘
Based off shear and moment diagram:
𝑉𝑢 = 8.3 𝐾
𝑀𝑢 = −22.7 𝑘 − 𝑓𝑡
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(6.73)

𝑃𝑢1 = 5.5 k

𝑃𝑢1 = 5.5 k

𝑊𝑢 = 1.15 𝑘𝑖𝑝𝑠/𝑓𝑡

12.2’

3.93 kips

4.1 kips

1.45 kips

8.3 kips

-1.75 kips

-8.3 kips

-1.75 kips
-4.1 kips
0.6 k-ft

0.6 k-ft

-22.7 k-ft

-6 k-ft

-22.7 k-ft

Figure 6.20 Shear and Moment Diagram for beam “F3” Analysis
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6.6 ft

Figure 6.21 Beam “E” as Shown in Chapter 4
Hand calculations:
•

Given:
1) Length of member = 17.76’
2) A36 steel properties
3) Loadings:
4) D = 4570.74 lbs for column load, 163.36 psf for plate, and 93.34
lbs/ft for weight of the beam
5) 𝐿 = 250 𝑝𝑠𝑓(6.6𝑓𝑡 𝑡𝑟𝑖𝑏𝑢𝑡𝑎𝑟𝑦 𝑤𝑖𝑑𝑡ℎ) 𝑎𝑛𝑑 300 𝑙𝑏𝑠
6) 𝑊𝑢 (𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑒𝑑 𝑙𝑜𝑎𝑑𝑖𝑛𝑔) = 1.2𝐷 + 1.6𝐿

𝑊𝑢 = 1.2 (163.36𝑝𝑠𝑓 ∗ 6.6𝑓𝑡 + 93.34

(6.74)

𝑙𝑏𝑠
) + 1.6(250𝑝𝑠𝑓 ∗ 1.75𝑓𝑡) = 4.05𝑘/𝑓𝑡
𝑓𝑡

7) 𝑃𝑢1 (𝑝𝑜𝑖𝑛𝑡 𝑙𝑜𝑎𝑑𝑖𝑛𝑔) = 1.2𝐷 + 1.6𝐿
𝑃𝑢1 = 1.2(4570𝑙𝑏𝑠 (𝑐𝑜𝑙𝑢𝑚𝑛)) + 1.6(0) = 5.5 𝑘𝑖𝑝𝑠
80

(6.75)

•

Required: Brace design

•

Solution:

Determine Reactions from Figure 6.21:
To determine the reactions for this specific beam, summation of loads must be taken into
account and then find the moment at any specific point on the beam to determine reactions. The
reactions in this case is the following:
𝐴𝑦 = 35.4 𝑘𝑖𝑝𝑠, 𝐵𝑦 = 2.25 𝑘𝑖𝑝𝑠, 𝐶𝑦 = 45.3 𝑘𝑖𝑝𝑠
There are two end moment scenarios based on fixed points on beam:
1) Distributed Loading: 𝑀1 =

𝑊𝑙2

(6.76)

12

2) Point loading at point “x”: 𝑀2 =

𝑃𝑎𝑏 2
𝑙2

𝑜𝑟

𝑃𝑎2 𝑏
𝑙2

3) Overall moment acting at end points: 𝑀𝐴 = 𝑀1 + 𝑀2 = 120.9 𝑓𝑡 − 𝑘
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(6.77)
(6.78)

𝑃𝑢1 = 5.5 k
𝑃𝑢1 = 5.5 k

𝑊𝑢 = 1.15 𝑘𝑖𝑝𝑠/𝑓𝑡

17.76’

35.4 kips

-14.2 kips

33.1 k-ft

-17.5 kips
35.4 kips

-120.9 k-ft
-165 k-ft
Figure 6.22 Shear and Moment Diagram for Beam “E” Analysis
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Check Design Moment of Beam:
•

Conduct quality check of beam
1) Determine if beam shape is compact, non-compact or slender
2) Determine limit states based on criteria listed above

To determine if the shape is compact, non-compact or slender, the following values must
be compared;
𝐸

𝜆𝑝 = 1.12√𝑓

(6.79)

𝑏/𝑡

(6.80)

𝑦

Where 𝜆𝑝 is the limiting width to thickness ratio of the beam and b/t is the width to
thickness ratio. Based of the steel construction manual, the limiting width to thickness ratio is 31.7
and the width to thickness ratio is 19.2 therefore the member is compact.
The limit states for a compact rectangular HSS member based of the steel construction manual are
as follows:
𝑌𝑖𝑒𝑙𝑑𝑖𝑛𝑔: 𝑀𝑛 = 𝑀𝑝 = 𝑓𝑦 𝑍

(6.81)

Where 𝑀𝑛 = 𝑀𝑝 is the unfactored design moment, 𝑓𝑦 is the yield stress and Z is the
moment of inertia of the member based of the steel construction manual
𝑌𝑖𝑒𝑙𝑑𝑖𝑛𝑔: 𝑀𝑛 = 𝑀𝑝 = 𝑓𝑦 𝑍 = 327 𝑘 − 𝑓𝑡
𝐹𝑎𝑐𝑡𝑜𝑟𝑒𝑑 𝑌𝑖𝑒𝑙𝑑𝑖𝑛𝑔 𝑀𝑜𝑚𝑒𝑛𝑡 = 0.9 ∗ 𝑀𝑛 = 294 𝑘 − 𝑓𝑡
Where 0.9 is the resistance factor for bending (flexure)

83

(6.82)

Based off analysis, the factored yielding moment is greater than the demand moment (𝑀𝑢 )
calculated from loadings acting on all beam, therefore beam is adequate in moment design for all
cases.
Check Design Shear of Beam:
•

Conduct quality check of beam
1) Limit states of shear yielding/buckling apply

To determine the limit states of shear yielding/buckling, the following equation must be
applied based of AISC Chapter G, Design of Members for Shear;
𝑉𝑛 = 0.6𝑓𝑦 𝐴𝑤 𝐶𝑣

(6.83)

Where 𝑉𝑛 is the unfactored design shear of the member, 𝐴𝑤 is the area of the “web,” and
𝐶𝑣 is the ratio of critical web shear stress to web shear yield stress in a plate girder.
𝑉𝑛 = 0.6𝑓𝑦 𝐴𝑤 𝐶𝑣 = 301.32 𝑘𝑖𝑝𝑠
Factored Design Shear φ𝑉𝑛 = 0.6𝑓𝑦 𝐴𝑤 𝐶𝑣 =271.2 kips

(6.84)

Based off analysis, the factored design shear is greater than the demand shear (𝑉𝑢 )
calculated from loadings acting on each beam, therefore beam is adequate in shear design for all
cases.
Check Weld Connection of Beam: (Calculations below are used for entire platform since
each connection is considered a weld unless specified.)
•

Quality check of 3/16” fillet weld
1) Design strength of weld

To determine the design strength of the weld, the following equations must be used and
evaluated against the maximum factored shear force or 𝑉𝑢 ;
𝑅𝑛 = 0.707𝑤𝐹𝑛𝑤
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(6.85)

Where 𝑅𝑛 is the nominal resistance of the connection, w is the and 𝐹𝑛𝑤 is the ultimate
shearing stress of the weld electrode, therefore:
𝑅𝑛 = 7.95 𝑘𝑖𝑝𝑠/𝑖𝑛𝑐ℎ
Determine the design strength of the connection;
𝜑𝑅𝑛 = 5.9625 𝑘𝑖𝑝𝑠/𝑖𝑛𝑐ℎ
Where φ is the design factor for welded and bolted connections, 0.75
Determine shear yield strength of the connection;
𝜑𝑅𝑛 = .75 ∗ 0.6 ∗ 𝑓𝑦 ∗ 𝑡

(6.86)

𝜑𝑅𝑛 =13.5 kips/inch
Where φ is the design factor for welded and bolted connections, 𝑓𝑦 is the yield strength of
the material and t is the thickness of the member
Determine the shear rupture strength;
𝜑𝑅𝑛 = .75 ∗ 0.6 ∗ 𝑓𝑢 ∗ 𝑡

(6.87)

𝜑𝑅𝑛 = 21.75 kips/inch
Where φ is the design factor for welded and bolted connections, 𝑓𝑦 is the yield strength of
the material and t is the thickness of the member
Based on the previous calculations for the yield and rupture strength, the shear rupture
strength controls due to its larger value of the two. Therefore, the available shear strength of the
weld is equal to the rupture strength.
Determine the design strength of the connection;
𝑘𝑖𝑝𝑠

𝜑𝑅𝑛 = 5.9625 𝑖𝑛𝑐ℎ ∗ (𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑡ℎ𝑒 𝑤𝑒𝑙𝑑, 48 𝑖𝑛𝑐ℎ𝑠)
𝜑𝑅𝑛 = 286.2 kips
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(6.88)

Design strength is greater than factored shear force 𝑉𝑢 for each beam and case, therefore
design is adequate
Platform Assembly: HSS 12x12x5/8 Column Analysis
Each column that is assembled in the platform is rigidly connected by means of welds
therefore in the hand calculations, the column is “fixed,” on one end

Figure 6.23 Column “C” as Shown in Chapter 4, C1
Hand Calculations
•

Given:
1) Length of member = 11.5’
2) A36 steel properties
3) Loadings:
a) 𝐷 = 𝐿𝑜𝑎𝑑𝑖𝑛𝑔 𝑎𝑐𝑡𝑖𝑛𝑔 𝑜𝑛 𝑐𝑜𝑙𝑢𝑚𝑛 𝑓𝑟𝑜𝑚 𝑏𝑒𝑎𝑚 𝑎𝑛𝑎𝑙𝑦𝑠𝑖𝑠 =
31.8𝑘 + 35.4𝑘 = 67.2 𝑘𝑖𝑝𝑠
b) 𝐿 = 𝑛𝑜𝑛𝑒
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c) 𝑃𝑢 (𝑝𝑜𝑖𝑛𝑡 𝑙𝑜𝑎𝑑𝑖𝑛𝑔) = 1.2𝐷 + 1.6𝐿 = 80.64 𝑘𝑖𝑝𝑠
•

Required: Colum design, Chapter E and J of Steel Construction Manual

•

Solution:

(6.89)

Investigate column for local stability:
𝜆 (𝑤𝑖𝑑𝑡ℎ 𝑡𝑜 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑟𝑎𝑡𝑖𝑜 𝑜𝑓 𝑏𝑒𝑎𝑚) = 17.7
𝜆𝑟 (𝑢𝑝𝑝𝑒𝑟 𝑙𝑖𝑚𝑖𝑡) = 1.40√𝐸/𝑓𝑦 = 39.7

(6.90)
(6.91)

Where E is the modulus of elasticity 𝑓𝑦 is the yield stress of the material and 𝜆𝑟 is the upper
limit of the width to thickness ratio
𝜆 < 𝜆𝑟 therefore, local instability not a factor
80.64 kips

11.5’

Figure 6.24 Platform Column Free Body Diagram, C1
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Compute flexural and buckling strength
Slenderness ratio:
𝑘𝐿

= 29.8

𝑟

(6.92)

Where k is the approximate value of effective length factor, L is the length of the
column and r is the radius of gyration
𝑆𝑙𝑒𝑛𝑑𝑒𝑟𝑛𝑒𝑠𝑠 𝑟𝑎𝑡𝑖𝑜 = 29.8 < 200 (𝑔𝑙𝑜𝑏𝑎𝑙 𝑠𝑙𝑒𝑛𝑑𝑒𝑟𝑛𝑒𝑠𝑠 𝑟𝑎𝑡𝑖𝑜) (6.81)
Therefore the member is not slender, no further investigation needed
Flexural buckling:
𝐸

4.71√𝑓 = 133.68
𝑦

(6.93)

Where E is the modulus of elasticity and 𝑓𝑦 is the yield stress. Since the slenderness
ratio is smaller than the flexural buckling parameter, the member is inelastic therefore
further calculations must be explored;
Critical Stress:
Use the equation below for critical stress due to the member being elastic;
𝑓𝑦

𝐹𝑐𝑟 = (0.658 𝑓𝑒 )𝑓𝑦

(6.94)

Where 𝐹𝑐𝑟 is the critical stress and 𝐹𝑒 is the elastic buckling stress of the member
𝐹𝑒 =

𝜋2𝐸
𝑘𝐿 2
)
𝑟

(

=10.32 ksi

(6.95)

𝐹𝑐𝑟 = 34.3 𝑘𝑠𝑖
Nominal Compressive Stress:
𝑃𝑛 = 𝐹𝑐𝑟 𝐴𝑔 = 882.9 𝑘𝑖𝑝𝑠
Where 𝐴𝑔 is the gross area of the member
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(6.96)

Determine design strength:
𝜑𝑃𝑛 = 0.9 ∗ 126.7 = 795 𝑘𝑖𝑝𝑠

(6.97)

Where φ is the factored design strength for compression design of members. Therefore, the
design strength of the member is greater than the factored concentrated load 𝑃𝑢 , design is adequate.
Although design is adequate, verify that column is adequate for beam-column design since column
is rigidly connected by means of welding.
Verify column is adequate for beam-column design by approximate 2nd order analysis
•

Given: Factored loads;
1) 𝑃𝑢 =80.64 kips
2) 𝑀𝑢 = 191.77 k-ft (summation of factored load moment from beam
design)

•

Required: beam column verification

•

Solution:

80.64 kips

191.7 ft- kips

11.5’

191.7 ft- kips

80.64 kips
Figure 6.25 Platform Beam Column Reactions, C1
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Determine required axial strength, 𝑃𝑟 ;
𝑃𝑟 = 𝑃𝑢 = 𝑃𝑛𝑡 + 𝐵2 𝑃𝑙𝑡

(6.98)

Where 𝑃𝑛𝑡 is the axial loading corresponding to a braced beam column, 𝐵2is the
amplification factor for beam columns and 𝑃𝑙𝑡 is the axial load corresponding to an unbraced beam
column. There is no axial load therefore 𝑃𝑙𝑡 = 0
𝑃𝑟 = 𝑃𝑢 = 𝑃𝑛𝑡 + 𝐵2 𝑃𝑙𝑡 = 80.64 𝑘𝑖𝑝𝑠
Determine the maximum factored axial loading the member can withstand from column
load tables for effective length KL =23’ where K is 0.65 from ASIC table C-A-7.1. Therefore;
𝜙𝑃𝑛 = 1035 𝑘𝑖𝑝𝑠

(6.99)

Using equation AISC H1-1a;
𝑃𝑢
𝜑𝑃𝑛

= 0.07

(6.100)

This value is less than the parameter 0.2 set from AISC H1-1a, therefore use the following
interaction equation;
𝑃𝑢
2𝜑𝑃𝑛

𝑀

+ 𝜑𝑀𝑢 < 1.0
𝑛

(6.101)

Where 𝑀𝑢 is the required moment strength and 𝜑𝑀𝑛 is the factored moment strength from
design charts of the manual;
𝜑𝑀𝑛 =376 k-ft for
𝑀𝑢 = 𝐵1 𝑀𝑛𝑡 + 𝐵2 𝑀𝑙𝑡

(6.102)

Where 𝐵1 and 𝐵2 are the amplification factors for beam columns, 𝑀𝑛𝑡 is the maximum
moment in a beam column restrained against sideways and 𝑀𝑙𝑡 is the maximum moment in a beam
column restrained against sideways
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𝑀𝑛𝑡 = 191.77 𝑘 − 𝑓𝑡 (maximum moment in a beam column restrained against sideways)
𝑀𝑙𝑡 = 0 (no axial loading acting on column)
𝐵1 =

𝑐𝑚
1−

𝛼𝑃𝑟
𝑃𝑒1

= 0.2

(6.103)

Where 𝑐𝑚 is bending factor for braced beam columns, 𝑃𝑟 is the required axial strength, 𝑃𝑒1
is the total elastic buckling strength of the story (𝑃𝑒𝑠𝑡𝑜𝑟𝑦 )
𝑀

𝑐𝑚 = 0.6 − 0.4 (𝑀1 ) = 0.2

(6.104)

𝑀𝑢 = 𝐵1 𝑀𝑛𝑡 + 𝐵2 𝑀𝑙𝑡 = 38.35 k-ft

(6.105)

2

With all the equations listed above, determine the interaction equation to verify column is
adequate for beam column design;
𝑃𝑢
2𝜑𝑃𝑛

𝑀

+ 𝜑𝑀𝑢 < 1.0
𝑛

0.13 < 1.0 therefore, design is adequate

Figure 6.26 Column “C” as Shown in Chapter 4, C2
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(6.106)

Hand Calculations
•

Given:
1) Length of member = 11.5’
2) A36 steel properties
3) Loadings:
a) 𝐷 = 𝐿𝑜𝑎𝑑𝑖𝑛𝑔 𝑎𝑐𝑡𝑖𝑛𝑔 𝑜𝑛 𝑐𝑜𝑙𝑢𝑚𝑛 𝑓𝑟𝑜𝑚 𝑏𝑒𝑎𝑚 𝑎𝑛𝑎𝑙𝑦𝑠𝑖𝑠 =
29.1𝑘 + 2.25𝑘 = 31.35 𝑘𝑖𝑝𝑠
b) 𝐿 = 𝑛𝑜𝑛𝑒
c) 𝑃𝑢 (𝑝𝑜𝑖𝑛𝑡 𝑙𝑜𝑎𝑑𝑖𝑛𝑔) = 1.2𝐷 + 1.6𝐿 = 37.62 𝑘𝑖𝑝𝑠

•

Required: Colum design

•

Solution:

(6.107)

Based off previous analysis for column, the length is the same, the material properties are
the same therefore based off factored concentrated load acing on beam, it is less than the factored
nominal strength of the column;
𝑃𝑢 = 37.62 𝑘𝑖𝑝𝑠 < 𝜑𝑃𝑛 = 795 𝑘𝑖𝑝𝑠
Therefore design is adequate. Verify column is adequate for beam-column design by
approximate 2nd order analysis
•

Given: Factored loads;
1) 𝑃𝑢 ,=37.62 kips
2) 𝑀𝑢 = 97.32 k-ft (summation of factored load moment from beam
design)

•

Required: beam column verification

•

Solution:
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37.62 kips

11.5’

37.62 kips

97.32 ft- kips

11.5’

97.32 ft- kips

37.62 kips

Figure 6.27 Platform Column and Beam Column Reactions, C2
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Determine required axial strength, 𝑃𝑟 ;
𝑃𝑟 = 𝑃𝑢 = 𝑃𝑛𝑡 + 𝐵2 𝑃𝑙𝑡

(6.108)

Where 𝑃𝑛𝑡 is the axial loading corresponding to a braced beam column, 𝐵2is the
amplification factor for beam columns and 𝑃𝑙𝑡 is the axial load corresponding to an unbraced beam
column. There is no axial load therefore 𝑃𝑙𝑡 = 0
𝑃𝑟 = 𝑃𝑢 = 𝑃𝑛𝑡 + 𝐵2 𝑃𝑙𝑡 = 37.62𝑘𝑖𝑝𝑠
Determine the maximum factored axial loading the member can withstand from column
load tables for effective length KL =23’ where K is 0.65 from ASIC table C-A-7.1. Therefore;
𝜙𝑃𝑛 = 1035 𝑘𝑖𝑝𝑠

(6.109)

Using equation AISC H1-1a;
𝑃𝑢
𝜑𝑃𝑛

= 0.03

(6.110)

This value is less than the parameter 0.2 set from AISC H1-1a, therefore use the following
interaction equation;
𝑃𝑢
2𝜑𝑃𝑛

𝑀

+ 𝜑𝑀𝑢 < 1.0
𝑛

(6.111)

Where 𝑀𝑢 is the required moment strength and 𝜑𝑀𝑛 is the factored moment strength from
design charts of the manual;
𝜑𝑀𝑛 =376 k-ft for
𝑀𝑢 = 𝐵1 𝑀𝑛𝑡 + 𝐵2 𝑀𝑙𝑡

(6.112)

Where 𝐵1 and 𝐵2 are the amplification factors for beam columns, 𝑀𝑛𝑡 is the maximum
moment in a beam column restrained against sideways and 𝑀𝑙𝑡 is the maximum moment in a beam
column restrained against sideways
𝑀𝑛𝑡 = 97.32 𝑘 − 𝑓𝑡 (maximum moment in a beam column restrained against
sideways
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𝑀𝑙𝑡 = 0(No axial loading acting on the column)
𝐵1 =

𝑐𝑚
1−

𝛼𝑃𝑟
𝑃𝑒1

= 0.2

(6.113)

Where 𝑐𝑚 is bending factor for braced beam columns, 𝑃𝑟 is the required axial strength, 𝑃𝑒1
is the total elastic buckling strength of the story (𝑃𝑒𝑠𝑡𝑜𝑟𝑦 )
𝑀

𝑐𝑚 = 0.6 − 0.4 (𝑀1 ) = 0.2
2

(6.114)

𝑀𝑢 = 𝐵1 𝑀𝑛𝑡 + 𝐵2 𝑀𝑙𝑡 = 19.5 k-ft
With all the equations listed above, determine the interaction equation to verify column is
adequate for beam column design;
𝑃𝑢
2𝜑𝑃𝑛

𝑀

+ 𝜑𝑀𝑢 < 1.0
𝑛

0.07 < 1.0 therefore, design is adequate

Figure 6.28 Column “C” as Shown in Chapter 4, C3
Hand Calculations
•

Given:
95

(6.115)

1) Length of member = 11.5’
2) A36 steel properties
3) Loadings:
a) 𝐷 = 𝐿𝑜𝑎𝑑𝑖𝑛𝑔 𝑎𝑐𝑡𝑖𝑛𝑔 𝑜𝑛 𝑐𝑜𝑙𝑢𝑚𝑛 𝑓𝑟𝑜𝑚 𝑏𝑒𝑎𝑚 𝑎𝑛𝑎𝑙𝑦𝑠𝑖𝑠 =
29.1𝑘
b) 𝐿 = 𝑛𝑜𝑛𝑒
c) 𝑃𝑢 (𝑝𝑜𝑖𝑛𝑡 𝑙𝑜𝑎𝑑𝑖𝑛𝑔) = 1.2𝐷 + 1.6𝐿 = 34.92 𝑘𝑖𝑝𝑠

(6.116)

•

Required: Colum design

•

Solution: Based off previous analysis for column, the length is the same, the
material properties are the same therefore based off factored concentrated load
acing on beam, it is less than the factored nominal strength of the column;
𝑃𝑢 = 34.92 𝑘𝑖𝑝𝑠 < 𝜑𝑃𝑛 = 795 𝑘𝑖𝑝𝑠

Therefore, design is adequate. There is no need to verify if this column is adequate for a
beam column design because it is not rigidly connected to either beams. The only thing that
needs to be taken into account is the bolt design for the simple connections of this column with
will be discussed later in this chapter.
34.92 kips

11.5’

Figure 6.29 Platform Column Free Body Diagram, C3
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Platform Assembly: HSS 12x12x5/8 Bracing Analysis
Each bracing that is assembled in the platform is rigidly connected by means of welds
therefore in the hand calculations, the bracing is “fixed,” on both ends.

Figure 6.30 Bracing “B” as Shown in Chapter 4
Hand calculations:
•

Given:
1) Length of member = 113”
2) A36 steel properties

•

Required: Brace design, Chapter D and G of Steel Construction Manual

•

Solution:
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5.5 kips

53.4 kips

𝑊𝑢 = 4.05 𝑘𝑖𝑝𝑠/𝑓𝑡(plate
weight per linear foot)

Figure 6.31 Platform Bracing Free Body Diagram
Determine Shear force resistance provided by bracing;
(6.117)

𝑃𝑟𝑏 = 0.004𝑃𝑟

Where 𝑃𝑟 is the vertical load to be stabilized, therefore solve for the brace that is supporting
the most loading, the bottom braces of the tower;
𝑃𝑟 = 1.2𝐷 + 1.6𝐿 = 109.56 𝑘𝑖𝑝𝑠

(6.118)

Where D = (4.05k/ft)(8ft)+5.5k+53.4k
Where 4.05 k/ft is the overall distributed loading acting on the beam multiplied by 8
because of the horizontal length of the member, 5.5k from concentrated loading of column, and
53.4k from the reaction of the beam resting on top of the bracing member.
𝑃𝑟𝑏 = 0.004𝑃𝑟 = 0.438 𝑘𝑖𝑝𝑠
Consider as Tension Member
Braced force = 𝐹 =
11.5′

Where 𝜃 = 𝑡𝑎𝑛−1 (
Braced force = 𝐹 =

8′
𝑃𝑟𝑏

𝑐𝑜𝑠𝜗
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𝑃𝑟𝑏
𝑐𝑜𝑠𝜗

) = 55°, therefore;
= 0.0.76 𝑘𝑖𝑝𝑠

(6.119)
(6.120)

Limit states for tension yielding:
𝐴=

𝐹
0.9𝑓𝑦

= 0.02 𝑖𝑛𝑐ℎ𝑒𝑠 2

(6.121)

Determine the required lateral stiffness of member:
𝐵𝑏𝑟 =

1
𝜑

2𝑃

( 𝐿 𝑟 ) = 2.28 𝑘𝑖𝑝𝑠/𝑖𝑛𝑐ℎ
𝑏

(6.122)

Where 𝑃𝑟 is the vertical loading to be stabilized, 𝐿𝑏 is the length of the member and φ is
the design factor for bracing, 0.75
Using Axial and Lateral stiffness equations, determine minimum area needed for bracing
design
𝐹

𝐴𝑥𝑖𝑎𝑙 𝑠𝑡𝑖𝑓𝑓𝑛𝑒𝑠𝑠 = 𝛿

(6.123)

𝐴𝑥𝑖𝑎𝑙 𝑠𝑡𝑖𝑓𝑓𝑛𝑒𝑠𝑠 ∗ 𝑐𝑜𝑠 2 𝜃 = 𝐿𝑎𝑡𝑒𝑟𝑎𝑙 𝑠𝑡𝑖𝑓𝑓𝑛𝑒𝑠𝑠, therefore;

(6.124)

𝐹

1

2𝑃

𝑐𝑜𝑠 2 𝜃 = 𝜑 ( 𝐿 𝑟 )
𝛿
𝑏

(6.125)

Axial stiffness can be rewritten as the following:
𝐴𝐸
𝐿

(6.126)

Where A is the required area of the member, E is the modulus of elasticity and L is the
length of the member;
𝐴𝐸
𝐿

𝑐𝑜𝑠 2 𝜃 = 2.27

(6.127)

Solve for “A,” which equals 0.03 𝑖𝑛𝑐ℎ𝑒𝑠 2
HSS 12x12x5/8cross section = 25.7 inches squared > Area required therefore design
adequate for bracing member.
Platform Assembly: Simple connection for mid column Analysis
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The bolted connection of the platform assembly includes the column and beams
highlighted in the figure below and consists of A325 bolts that are ¾” in diameter and the thickness
of the plate connection is 5/8”

Figure 6.32 Simple Connection Location for Beam and Column
Hand calculations:
•

Given:
1) A325 bolts
2) Diameter of bolt = ¾”
3) Thickness of plate = 5/8
4) A36 steel properties

•

Required: Chapter J of Steel Construction Manual
1) Design checks
2) Block Shear Rupture
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3) Bolt Spacing
4) Edge Dimensions
5) Bearing Strength of Members
6) Bolt Design
•

Solution:

Determine Design checks for Simple Connection
𝐺𝑆𝑌 = .9 ∗ 𝑓𝑦 ∗ 𝐴𝑔 = 832 𝐾𝑖𝑝𝑠

(6.128)

Where GSY is “Gross Section Yield,” 𝑓𝑦 is the yield strength of A36 steel and 𝐴𝑔 is the
gross area of the 12x12x5/8” member.
𝑁𝑆𝐹 = .75𝐹𝑢 𝐴𝑒 = 1070.1 𝑘𝑖𝑝𝑠

(6.129)

Where NSF is “Net Section Fracture,” 𝐹𝑢 is the ultimate tensile strength of A36 steel and
𝐴𝑒 is the effective area of the 12x12x5/8 member as defined in the steel manual.
Determine the Block Shear Rupture of the column and beam members
Equations are the same for both column and beam based on figure (#) which depicts the drawing
of the connection being used:
5

𝐴𝑔𝑣 = (8) ∗ (12) = 7.5 𝑖𝑛2

(6.130)

Where 𝐴𝑔𝑣 is the gross area in shear for block shear computation, thickness * length of the
shear path.
5

7

𝐴𝑛𝑣 = (8) ∗ [12 − 1.5 (8)] = 6.7 𝑖𝑛2

(6.131)

Where 𝐴𝑛𝑣 is the net area in shear for block shear rupture, thickness * [length of shear path
– number of bolts in shear path (diameter of the bolts +1/8” for spacing)]
5

7

𝐴𝑛𝑡 = (8) [4 − 1 (8)] = 1.95 𝑖𝑛2
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(6.132)

Where 𝐴𝑛𝑡 is the net area in tension for block shear rupture, thickness * spacing -number
of bolts in path (diameter of bolts+ 1/8” spacing)]
Lower Limit for Block Shear Rupture:
𝑅𝑛 = 0.6𝐹𝑢 𝐴𝑛𝑣 + 𝑢𝑏𝑠 𝐹𝑢 𝐴𝑛𝑡 = 346.26 𝑘𝑖𝑝𝑠

(6.133)

Upper Limit for Block Shear Rupture:
𝑅𝑛 = 0.6𝑓𝑦 𝐴𝑔𝑣 + 𝑢𝑏𝑠 𝐹𝑢 𝐴𝑛𝑡 = 275.1 𝑘𝑖𝑝𝑠

(6.134)

Upper limit governs therefore 𝜑𝑅𝑛 = 206.34 𝑘𝑖𝑝𝑠 where φ is the design factor coefficent
for block shear rupture; 0.75. Upper limit of block shear rupture is greater than loading acting on
column based off column design (𝑃𝑢 = 29.1 𝑘𝑖𝑝𝑠) therefore design adequate so far.
Determine Bolt Spacing, Edge Distance and Bearing Strength
2

Minimum Spacing: 2 3 ∗ 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑜𝑓 𝑡ℎ𝑒 𝑏𝑜𝑙𝑡 = 2.32"

(6.135)

Actual Spacing: 4” >2.32” therefore ok
Minimum Edge Distance: Diameter of the bolts = ¾” therefore minimum edge distance =
1”
Actual Edge Dimensions = 4” > 1” therefore ok
Bearing strength:
Hole diameter, h = ¾” + 1/16” = 13/16”

(6.136)

For column and beam bearing strength:
ℎ

𝑙𝑐 = 𝑙𝑒 − 2 = 0.89 𝑖𝑛𝑐ℎ𝑒𝑠

(6.137)

Where 𝑙𝑐 is the distance from the edge of the bolt hole to edge of connected part or edge of
adjacent hole and 𝑙𝑒 is the bolt edge distance. Therefore, bearing strength of both column and beam
are verified using equation below:
𝑅𝑛 = 1.2𝑙𝑐 𝑡𝐹𝑢 < 2.4𝑑𝑡𝐹𝑢
102

(6.138)

Where t is the thickness, d is the diameter of the bolt and 𝐹𝑢 is the ultimate tensile strength
of the material.
𝑅𝑛 = 38.8 < 65.25, the smallest value governs, therefore bearing strength of each
member based on plate design is as follows:
(6.139)

𝜑𝑅𝑛 = 4 (𝑓𝑜𝑢𝑟 𝑏𝑜𝑙𝑡 ℎ𝑜𝑙𝑒𝑠) ∗ 38.8 𝑘𝑖𝑝𝑠/𝑏𝑜𝑙𝑡
Determine bolt design
𝑅𝑛 = 𝐹𝑢 𝐴𝑏ℎ = 23.8 𝑘𝑖𝑝𝑠

(6.140)

𝜑𝑅𝑛 = .75 ∗ 23.8 = 18 𝑘𝑖𝑝𝑠/𝑏𝑜𝑙𝑡

(6.141)

This value must be verified with FEA of this component, which is shown on figure 6.58
4”

4”

4”
Thickness = 5/8”

4”

4”

4”

Diameter = ¾” + 1/8”

Figure 6.33 Simple Connection Location for Beam and Colum
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Blast Deflector Assembly: L8x8x1 Angle Analysis
Each angle that is assembled in the blast deflector is rigidly connected by means of welds
therefore in the hand calculations, the angle is “fixed,” on both ends to simulate loading reactions
going in the “x,” “y,” and moments on either end. There are figures that designate which angles
under design. All angles for the blast deflector have the same design strength, therefore each beam
will be investigated first and then compared to its actual vs demand strength.

Figure 6.34 Angle “A” as shown in Chapter 4
Hand calculations:
•

Given:
1) Length of member = 50.4”
2) A36 steel properties
3) Loadings:
a) D = 115 pcf for concrete and the weight of the angle
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b) 𝐿 = 28,000 𝑙𝑏𝑠 of thrust
c) 𝑊𝑢 (𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑒𝑑 𝑙𝑜𝑎𝑑𝑖𝑛𝑔) = 1.2𝐷 + 1.6𝐿
𝑊𝑢 = 1.2 (115𝑝𝑐𝑓 ∗ 1𝑓𝑡 (𝑡𝑟𝑖𝑏𝑢𝑡𝑎𝑟𝑦 𝑤𝑖𝑑𝑡ℎ) ∗ 4.2 𝑓𝑡 (𝑙𝑒𝑛𝑔𝑡ℎ) + 51

(6.142)

𝑙𝑏𝑠
28000𝑙𝑏𝑠
) + 1.6 (
)
𝑓𝑡
4.2 𝑓𝑡

= 11.2 𝑘𝑖𝑝𝑠/𝑓𝑡
•

Required: beam design, Chapter D, F, G, J of Steel Construction Manual

•

Solution:

Determine Reactions from Figure 6.36:
𝐴𝑦 = 𝐵𝑦 =

𝑡𝑜𝑡𝑎𝑙 𝑙𝑜𝑎𝑑𝑖𝑛𝑔
2

= 23.52 𝑘𝑖𝑝𝑠

(6.143)

There is one end moment scenario based on fixed points on beam:
1) Distributed Loading: 𝑀1 =

𝑊𝑙2

(6.144)

12

2) Overall moment acting at end points: 𝑀𝐴 = 𝑀1 = 16.46 𝑓𝑡 − 𝑘

𝑇𝑟𝑖𝑏𝑢𝑡𝑎𝑟𝑦 𝑊𝑖𝑑𝑡ℎ = 1′

Figure 6.35 Tributary Area
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(6.145)

𝑊𝑢 = 11.2 𝑘𝑖𝑝𝑠/𝑓𝑡

4.2’

23.52 kips

23.52 kips
8.1 k-ft

-16.5 k-ft

-16.5 k-ft

Figure 6.36 Shear and Moment Diagram for Angle “A”
106

Analysis based off shear and moment diagram:
𝑉𝑢 = 23.52 𝐾
𝑀𝑢 = 16.5 𝑘 − 𝑓𝑡

Figure 6.37 Angle “C” as shown in Chapter 4
Hand calculations:
•

Given:
1) Length of member = 66”
2) A36 steel properties
3) Loadings:
a) D = 115 pcf for concrete and the weight of the angle
b) 𝐿 = 28,000 𝑙𝑏𝑠 of thrust
c) 𝑊𝑢 (𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑒𝑑 𝑙𝑜𝑎𝑑𝑖𝑛𝑔) = 1.2𝐷 + 1.6𝐿
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(6.146)

𝑊𝑢 = 1.2 (115𝑝𝑐𝑓 ∗ 1𝑓𝑡 (𝑡𝑟𝑖𝑏𝑢𝑡𝑎𝑟𝑦 𝑤𝑖𝑑𝑡ℎ) ∗ 5.5 𝑓𝑡 (𝑙𝑒𝑛𝑔𝑡ℎ) + 51

𝑙𝑏𝑠
28000𝑙𝑏𝑠
) + 1.6 (
)
𝑓𝑡
5.5 𝑓𝑡

= 8.48 𝑘𝑖𝑝𝑠/𝑓𝑡
•

Required: beam design

•

Solution:

Determine Reactions from Figure 6.39:
𝐴𝑦 = 𝐵𝑦 =

𝑡𝑜𝑡𝑎𝑙 𝑙𝑜𝑎𝑑𝑖𝑛𝑔
2

= 23.52 𝑘𝑖𝑝𝑠

(6.147)

There is one end moment scenario based on fixed points on beam:
1) Distributed Loading: 𝑀1 =

𝑊𝑙2

(6.148)

12

2) Overall moment acting at end points: 𝑀𝐴 = 𝑀1 = 21.4 𝑓𝑡 − 𝑘

𝑇𝑟𝑖𝑏𝑢𝑡𝑎𝑟𝑦 𝑊𝑖𝑑𝑡ℎ = 1′

Figure 6.38 Tributary Area
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(6.149)

𝑊𝑢 = 8.48 𝑘𝑖𝑝𝑠/𝑓𝑡

5.5’

23.32 kips

23.32 kips
10.6 k-ft

-21.4 k-ft

-21.4 k-ft

Figure 6.39 Shear Moment Diagram For Angle “C”
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Analysis based off shear and moment diagram:
𝑉𝑢 = 23.32 𝐾
𝑀𝑢 = −21.4 𝑘 − 𝑓𝑡

Figure 6.40 Angle “B” as shown in Chapter 4
Hand calculations:
•

Given:
1) Length of member = 68.4”
2) A36 steel properties
3) Loadings:
a) D = 115 pcf for concrete and the weight of the angle
b) 𝐿 = 28,000 𝑙𝑏𝑠 of thrust
c) 𝑊𝑢 (𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑒𝑑 𝑙𝑜𝑎𝑑𝑖𝑛𝑔) = 1.2𝐷 + 1.6𝐿
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(6.150)

𝑊𝑢 = 1.2 (115𝑝𝑐𝑓 ∗ 1𝑓𝑡 (𝑡𝑟𝑖𝑏𝑢𝑡𝑎𝑟𝑦 𝑤𝑖𝑑𝑡ℎ) ∗ 5.7 𝑓𝑡 (𝑙𝑒𝑛𝑔𝑡ℎ) + 51

𝑙𝑏𝑠
28000𝑙𝑏𝑠
) + 1.6 (
)
𝑓𝑡
5.7 𝑓𝑡

= 8.48 𝑘𝑖𝑝𝑠/𝑓𝑡
•

Required: beam design

•

Solution:

Determine Reactions from Figure 6.42:
𝐴𝑦 = 𝐵𝑦 =

𝑡𝑜𝑡𝑎𝑙 𝑙𝑜𝑎𝑑𝑖𝑛𝑔
2

= 24.2 𝑘𝑖𝑝𝑠

(6.151)

There is one end moment scenario based on fixed points on beam:
1) Distributed Loading: 𝑀1 =

𝑊𝑙2

(6.152)

12

2) Overall moment acting at end points: 𝑀𝐴 = 𝑀1 = 21.4 𝑓𝑡 − 𝑘𝑖𝑝𝑠

𝑇𝑟𝑖𝑏𝑢𝑡𝑎𝑟𝑦 𝑊𝑖𝑑𝑡ℎ = 1′

Figure 6.41 Tributary Width
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(6.153)

𝑊𝑢 = 8.48 𝑘𝑖𝑝𝑠/𝑓𝑡

5.7’

24.2 kips

24.2 kips
11.5 k-ft

-23 k-ft

-23 k-ft

Figure 6.42 Shear Moment Diagram for Angle “B”
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Analysis based off shear and moment diagram:
𝑉𝑢 = 24.2 𝑘𝑖𝑝𝑠
𝑀𝑢 = 23 𝑘 − 𝑓𝑡
Check Design Moment of Angle:
The limit states for a steel angle based of the steel construction manual are as follows:
•

Yielding

•

Lateral Torsional Buckling, LTB

•

Leg Local Bucking (when toe is in compression)
𝑌𝑖𝑒𝑙𝑑𝑖𝑛𝑔: 𝑀𝑛 = 1.5𝑀𝑦

(6.154)

Where 𝑀𝑦 is the yield stress of the material, 𝑓𝑦 , * the elastic section modulii for x axes, 𝑆𝑥
Therefore:
𝑌𝑖𝑒𝑙𝑑𝑖𝑛𝑔: 𝑀𝑛 = 1.5𝑀𝑦 = 71.1 𝑘𝑖𝑝𝑠 − 𝑓𝑡
𝐿𝑇𝐵 = 𝑀𝑐 =

0.46𝐸𝑏 2 𝑡 2 𝐶𝑏
𝐿𝑏

(6.155)

Where E is the modulus of elasticity of A36 steel, b is the width of the plate, t is the
thickness of the plate, 𝐶𝑏 is the moment gradient factor for LTB strength and 𝐿𝑏 is the unbraced
beam length. Therefore:
𝐿𝑇𝐵 = 𝑀𝑐 =

0.46𝐸𝑏 2 𝑡 2 𝐶𝑏
= 294 𝑘 − 𝑓𝑡
𝐿𝑏

𝑀𝑐 > 𝑀𝑦 therefore use the following equation:
𝑀𝑦

𝑀𝑛 = [1.92 − 1.17√ 𝑀 ] 𝑀𝑦 = 69.17 𝑘 − 𝑓𝑡
𝑒

(6.156)

Check for compact, non-compact or slender for local leg buckling:
𝜆=

𝑏
𝑡

=8
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(6.157)

Where 𝜆 is the width to thickness ratio of the member.
𝐸

𝜆𝑝 = 0.54√𝑓 = 15.3
𝑦

(6.158)

Where E is the modulus of elasticity, 𝑓𝑦 is the yield strength of A36 steel and 𝜆𝑝 is the
largest width to thickness ratio for angle members
𝐸

𝜆𝑟 = 0.91√𝑓 = 25.8
𝑦

(6.159)

Where E is the modulus of elasticity, 𝑓𝑦 is the yield strength of A36 steel and 𝜆𝑟 is the
width to thickness ratio where elastic local buckling will occur. The width to thickness ratio is less
than the largest width to thickness ratio for angle members, therefore the member is compact and
leg local buckling does not occur.
Of all the cases listed above, LTB governs the moment design therefore;
𝜑𝑀𝑛 = .9 ∗ 69.17 = 55.05 𝑘 − 𝑓𝑡

(6.160)

Check Design Shear of Angle:
Based off AISC Steel Manual, determine shear for angle member by using the following
equation:
𝜑𝑉𝑛 = 0.6𝑓𝑦 𝐴𝑤 𝐶𝑣 = 155.52 𝑘𝑖𝑝𝑠

(6.161)

Where 𝑓𝑦 is the yield strength of A36 steel, 𝐴𝑤 is the web area and 𝐶𝑣 is the ratio of critical
web shear stress to web shear yield stress in a plate girder. The design strength for shear and
moment of the angle bar exceed the amount of shear and moment applied to it, therefore the
members are adequate.
Blast Deflector Assembly: L8x8x1 Column Analysis
Each column that is assembled in the blast deflector is rigidly connected by means of welds
therefore in the hand calculations, the column is “fixed,” on both ends.
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Figure 6.43 Double Angle Column “D” as shown in Chapter 4
Hand Calculations
•

Given:
1) Length of member = 9’
2) A36 steel properties
3) Loadings:
a) 𝐷 = 𝐿𝑜𝑎𝑑𝑖𝑛𝑔 𝑎𝑐𝑡𝑖𝑛𝑔 𝑜𝑛 𝑐𝑜𝑙𝑢𝑚𝑛 𝑓𝑟𝑜𝑚 𝑏𝑒𝑎𝑚 𝑎𝑛𝑎𝑙𝑦𝑠𝑖𝑠 =
24.2 𝑘𝑖𝑝𝑠
b) 𝐿 = 𝑛𝑜𝑛𝑒
c) 𝑃𝑢 (𝑝𝑜𝑖𝑛𝑡 𝑙𝑜𝑎𝑑𝑖𝑛𝑔) = 1.2𝐷 + 1.6𝐿 = 29.04 𝑘𝑖𝑝𝑠

•

Required: Colum design, Chapter E of Steel Construction Manual

•

Solution:
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(6.162)

29.04 kips

9’

Figure 6.44 Double Angle “D” Column Free Body Diagram

Compute flexural and buckling strength
Slenderness ratio:
𝑘𝐿
𝑟

= 28.8

(6.163)

Where k is the approximate value of effective length factor (.65 for fixed ends), L is the
length of the column and r is the radius of gyration
𝑆𝑙𝑒𝑛𝑑𝑒𝑟𝑛𝑒𝑠𝑠 𝑟𝑎𝑡𝑖𝑜 = 28.8 < 200 (𝑔𝑙𝑜𝑏𝑎𝑙 𝑠𝑙𝑒𝑛𝑑𝑒𝑟𝑛𝑒𝑠𝑠 𝑟𝑎𝑡𝑖𝑜)

(6.164)

Therefore, the member is not slender, no further investigation needed
Flexural buckling:
𝐸

4.71√𝑓 = 133.68
𝑦
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(6.165)

Where E is the modulus of elasticity and 𝑓𝑦 is the yield stress. Since the slenderness ratio
is smaller than the flexural buckling parameter, the member is inelastic therefore further
calculations must be explored;
Critical Stress:
Use the equation below for critical stress due to the member being elastic;
𝑓𝑦

𝐹𝑐𝑟 = (0.658 𝑓𝑒 )𝑓𝑦

(6.166)

Where 𝐹𝑐𝑟 is the critical stress and 𝐹𝑒 is the elastic buckling stress of the member
𝐹𝑒 =

𝜋2𝐸
𝑘𝐿 2
)
𝑟

(

=345 ksi

𝐹𝑐𝑟 = 34.4 𝑘𝑠𝑖

(6.167)
(6.168)

Nominal Compressive Stress:
𝑃𝑛 = 𝐹𝑐𝑟 𝐴𝑔 = 490 𝑘𝑖𝑝𝑠

(6.169)

Where 𝐴𝑔 is the gross area of the member
Determine design strength:
𝜑𝑃𝑛 = 0.9 ∗ 490 = 441 𝑘𝑖𝑝𝑠

(6.170)

Where φ is the factored design strength for compression design of members. Therefore, the
design strength of the member is greater than the factored concentrated load 𝑃𝑢 , design is adequate.
Although design is adequate, verify that column is adequate for beam-column design since column
is rigidly connected by means of welding.
Verify column is adequate for beam-column design by approximate 2nd order analysis
•

Given: Factored loads;
1) 𝑃𝑢 ,=29.04 kips
2) 𝑀𝑢 = 23 k-ft (summation of factored load moment from beam design)
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•

Required: beam column verification

•

Solution:

29.04 kips

23 ft- kips

9’

23 ft- kips

29.04kips

Figure 6.45 Double Angle “D” Beam Column Reactions
Determine required axial strength, 𝑃𝑟 ;
𝑃𝑟 = 𝑃𝑢 = 𝑃𝑛𝑡 + 𝐵2 𝑃𝑙𝑡

(6.171)

Where 𝑃𝑛𝑡 is the axial loading corresponding to a braced beam column, 𝐵2is the
amplification factor for beam columns and 𝑃𝑙𝑡 is the axial load corresponding to an unbraced beam
column. There is no axial load therefore 𝑃𝑙𝑡 = 0
𝑃𝑟 = 𝑃𝑢 = 𝑃𝑛𝑡 + 𝐵2 𝑃𝑙𝑡 = 29.04 𝑘𝑖𝑝𝑠
Determine the maximum factored axial loading the member can withstand from column
load tables for effective length KL =23’ where K is 0.65
Column load tables are not available for angles therefore use calculated factored design
strength for member:
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𝜙𝑃𝑛 = 441 𝑘𝑖𝑝𝑠

(6.172)

Using equation AISC H1-1a;
𝑃𝑢
𝜑𝑃𝑛

(6.173)

= 0.06

This value is less than the parameter 0.2 set from AISC H1-1a, therefore use the following
interaction equation;
𝑃𝑢

+

2𝜑𝑃𝑛

𝑀𝑢
𝜑𝑀𝑛

< 1.0

(6.174)

Where 𝑀𝑢 is the required moment strength and 𝜑𝑀𝑛 is the factored moment strength from
design charts of the manual, however there are no design charts for moment design of angles,
therefore use governed calculated moment (LTB) from beam design;
𝜑𝑀𝑛 =69.17 k-ft for
𝑀𝑢 = 𝐵1 𝑀𝑛𝑡 + 𝐵2 𝑀𝑙𝑡

(6.175)

Where 𝐵1 and 𝐵2 are the amplification factors for beam columns, 𝑀𝑛𝑡 is the maximum
moment in a beam column restrained against sideways and 𝑀𝑙𝑡 is the maximum moment in a beam
column restrained against sideways
𝑀𝑛𝑡 = 23 𝑘 − 𝑓𝑡 (maximum moment in a beam column restrained against sideways
𝑀𝑙𝑡 = 0
𝐵1 =

𝑐𝑚
1−

𝛼𝑃𝑟
𝑃𝑒1

= 0.2

(6.176)

Where 𝑐𝑚 is bending factor for braced beam columns, 𝑃𝑟 is the required axial strength, 𝑃𝑒1
is the total elastic buckling strength of the story (𝑃𝑒𝑠𝑡𝑜𝑟𝑦 )
𝑀

𝑐𝑚 = 0.6 − 0.4 (𝑀1 ) = 0.2
2

𝑀𝑢 = 𝐵1 𝑀𝑛𝑡 + 𝐵2 𝑀𝑙𝑡 = 4.6 k-ft
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(6.177)

With all the equations listed above, determine the interaction equation to verify column is
adequate for beam column design;
𝑃𝑢
𝑀𝑢
+
< 1.0
2𝜑𝑃𝑛 𝜑𝑀𝑛
0.23 < 1.0 therefore, design is adequate

Figure 6.46 Double Angle Column “F” as shown in Chapter 4
Hand Calculations
•

Given:
1) Length of member = 4.4’’
2) A36 steel properties
3) Loadings:
a) 𝐷 = 𝐿𝑜𝑎𝑑𝑖𝑛𝑔 𝑎𝑐𝑡𝑖𝑛𝑔 𝑜𝑛 𝑐𝑜𝑙𝑢𝑚𝑛 𝑓𝑟𝑜𝑚 𝑏𝑒𝑎𝑚 𝑎𝑛𝑎𝑙𝑦𝑠𝑖𝑠 =
23.32 𝑘𝑖𝑝𝑠
b) 𝐿 = 𝑛𝑜𝑛𝑒
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c) 𝑃𝑢 (𝑝𝑜𝑖𝑛𝑡 𝑙𝑜𝑎𝑑𝑖𝑛𝑔) = 1.2𝐷 + 1.6𝐿 = 27.96 𝑘𝑖𝑝𝑠
•

Required: Colum design, Chapter E of Steel Construction manual

•

Solution:

(6.178)

27.96 kips

4.4’

Figure 6.47 Double Angle “F” Column Reactions
Compute flexural and buckling strength
Slenderness ratio:
𝑘𝐿
𝑟

= 14.12

(6.179)

Where k is the approximate value of effective length factor (.65 for fixed ends), L is the
length of the column and r is the radius of gyration
𝑆𝑙𝑒𝑛𝑑𝑒𝑟𝑛𝑒𝑠𝑠 𝑟𝑎𝑡𝑖𝑜 = 14.12 < 200 (𝑔𝑙𝑜𝑏𝑎𝑙 𝑠𝑙𝑒𝑛𝑑𝑒𝑟𝑛𝑒𝑠𝑠 𝑟𝑎𝑡𝑖𝑜)
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(6.180)

Therefore, the member is not slender, no further investigation needed
Flexural buckling:
𝐸

4.71√𝑓 = 133.68
𝑦

(6.181)

Where E is the modulus of elasticity and 𝑓𝑦 is the yield stress. Since the slenderness ratio
is smaller than the flexural buckling parameter, the member is inelastic therefore further
calculations must be explored;
Critical Stress:
Use the equation below for critical stress due to the member being elastic;
𝑓𝑦

𝐹𝑐𝑟 = (0.658 𝑓𝑒 )𝑓𝑦

(6.182)

Where 𝐹𝑐𝑟 is the critical stress and 𝐹𝑒 is the elastic buckling stress of the member
𝐹𝑒 =

𝜋2𝐸
𝑘𝐿 2
)
𝑟

(

=1435 ksi

(6.183)

𝐹𝑐𝑟 = 35.6 𝑘𝑠𝑖
Nominal Compressive Stress:
𝑃𝑛 = 𝐹𝑐𝑟 𝐴𝑔 = 537 𝑘𝑖𝑝𝑠

(6.184)

Where 𝐴𝑔 is the gross area of the member
Determine design strength:
𝜑𝑃𝑛 = 0.9 ∗ 537 = 483 𝑘𝑖𝑝𝑠

(6.185)

Where φ is the factored design strength for compression design of members. Therefore, the
design strength of the member is greater than the factored concentrated load 𝑃𝑢 , design is adequate.
Although design is adequate, verify that column is adequate for beam-column design since column
is rigidly connected by means of welding.
Verify column is adequate for beam-column design by approximate 2nd order analysis
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•

Given: Factored loads;
1) 𝑃𝑢 ,=27.96 kips
2) 𝑀𝑢 = 21.4 k-ft (summation of factored load moment from beam design)

•

Required: beam column verification

•

Solution:

27.96 kips

21.4 ft- kips

4.4’

21.4 ft- kips

27.96 kips

Figure 6.48 Double Angle “F” Beam Column Reactions
Determine required axial strength, 𝑃𝑟 ;
𝑃𝑟 = 𝑃𝑢 = 𝑃𝑛𝑡 + 𝐵2 𝑃𝑙𝑡

(6.186)

Where 𝑃𝑛𝑡 is the axial loading corresponding to a braced beam column, 𝐵2is the
amplification factor for beam columns and 𝑃𝑙𝑡 is the axial load corresponding to an unbraced beam
column. There is no axial load therefore 𝑃𝑙𝑡 = 0
𝑃𝑟 = 𝑃𝑢 = 𝑃𝑛𝑡 + 𝐵2 𝑃𝑙𝑡 = 27.96 𝑘𝑖𝑝𝑠
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Determine the maximum factored axial loading the member can withstand from column
load tables for effective length KL =23’ where K is 0.65
Column load tables are not available for angles therefore use calculated factored design
strength for member:
𝜙𝑃𝑛 = 483 𝑘𝑖𝑝𝑠

(6.187)

Using equation AISC H1-1a;
𝑃𝑢
𝜑𝑃𝑛

= 0.05

(6.188)

This value is less than the parameter 0.2 set from AISC H1-1a, therefore use the following
interaction equation;
𝑃𝑢

𝑀

2𝜑𝑃𝑛

+ 𝜑𝑀𝑢 < 1.0
𝑛

(6.189)

Where 𝑀𝑢 is the required moment strength and 𝜑𝑀𝑛 is the factored moment strength from
design charts of the manual, however there are no design charts for moment design of angles,
therefore use governed calculated moment (LTB) from beam design;
𝜑𝑀𝑛 =69.17 k-ft for
𝑀𝑢 = 𝐵1 𝑀𝑛𝑡 + 𝐵2 𝑀𝑙𝑡

(6.190)

Where 𝐵1 and 𝐵2 are the amplification factors for beam columns, 𝑀𝑛𝑡 is the maximum
moment in a beam column restrained against sideways and 𝑀𝑙𝑡 is the maximum moment in a beam
column restrained against sideways
𝑀𝑛𝑡 = 21.4 𝑘 − 𝑓𝑡 (maximum moment in a beam column restrained against sideways
𝑀𝑙𝑡 = 0 (No axial forces acting on column)
𝐵1 =

𝑐𝑚
1−

𝛼𝑃𝑟
𝑃𝑒1

124

= 0.2

(6.191)

Where 𝑐𝑚 is bending factor for braced beam columns, 𝑃𝑟 is the required axial strength, 𝑃𝑒1
is the total elastic buckling strength of the story (𝑃𝑒𝑠𝑡𝑜𝑟𝑦 )
𝑀

𝑐𝑚 = 0.6 − 0.4 (𝑀1 ) = 0.2
2

(6.192)

𝑀𝑢 = 𝐵1 𝑀𝑛𝑡 + 𝐵2 𝑀𝑙𝑡 = 4.28 k-ft
With all the equations listed above, determine the interaction equation to verify column is
adequate for beam column design;
𝑃𝑢
𝑀𝑢
+
< 1.0
2𝜑𝑃𝑛 𝜑𝑀𝑛
0.09 < 1.0 therefore, design is adequate

Figure 6.49 Double Angle “E” Column as shown in Chapter 4
Hand Calculations
•

Given:
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1) Length of member = 1.25’
2) A36 steel properties
3) Loadings:
a) 𝐷 = 𝐿𝑜𝑎𝑑𝑖𝑛𝑔 𝑎𝑐𝑡𝑖𝑛𝑔 𝑜𝑛 𝑐𝑜𝑙𝑢𝑚𝑛 𝑓𝑟𝑜𝑚 𝑏𝑒𝑎𝑚 𝑎𝑛𝑎𝑙𝑦𝑠𝑖𝑠 =
23.52 𝑘𝑖𝑝𝑠
b) 𝐿 = 𝑛𝑜𝑛𝑒
c) 𝑃𝑢 (𝑝𝑜𝑖𝑛𝑡 𝑙𝑜𝑎𝑑𝑖𝑛𝑔) = 1.2𝐷 + 1.6𝐿 = 28.22 𝑘𝑖𝑝𝑠
•

Required: Colum design, Chapter E of Steel Construction manual

•

Solution:

28.22 kips

1.25’

Figure 6.50 Double Angle “E” Column Free Body Diagram
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(6.193)

Compute flexural and buckling strength
Slenderness ratio:
𝑘𝐿
𝑟

= 4.01

(6.194)

Where k is the approximate value of effective length factor (.65 for fixed ends), L is the
length of the column and r is the radius of gyration
𝑆𝑙𝑒𝑛𝑑𝑒𝑟𝑛𝑒𝑠𝑠 𝑟𝑎𝑡𝑖𝑜 = 4.01 < 200 (𝑔𝑙𝑜𝑏𝑎𝑙 𝑠𝑙𝑒𝑛𝑑𝑒𝑟𝑛𝑒𝑠𝑠 𝑟𝑎𝑡𝑖𝑜)

(6.195)

Therefore, the member is not slender, no further investigation needed
Flexural buckling:
𝐸

4.71√𝑓 = 133.68
𝑦

(6.196)

Where E is the modulus of elasticity and 𝑓𝑦 is the yield stress. Since the slenderness ratio
is smaller than the flexural buckling parameter, the member is inelastic therefore further
calculations must be explored;
Critical Stress:
Use the equation below for critical stress due to the member being elastic;
𝑓𝑦

𝐹𝑐𝑟 = (0.658 𝑓𝑒 )𝑓𝑦

(6.197)

Where 𝐹𝑐𝑟 is the critical stress and 𝐹𝑒 is the elastic buckling stress of the member
𝐹𝑒 =

𝜋2𝐸
𝑘𝐿 2
)
𝑟

(

=17799.5 ksi

(6.198)

𝐹𝑐𝑟 = 35.9 𝑘𝑠𝑖
Nominal Compressive Stress:
𝑃𝑛 = 𝐹𝑐𝑟 𝐴𝑔 = 543 𝑘𝑖𝑝𝑠
Where 𝐴𝑔 is the gross area of the member
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(6.199)

Determine design strength:
𝜑𝑃𝑛 = 0.9 ∗ 543 = 488 𝑘𝑖𝑝𝑠

(6.200)

Where φ is the factored design strength for compression design of members. Therefore, the
design strength of the member is greater than the factored concentrated load 𝑃𝑢 , design is adequate.
Although design is adequate, verify that column is adequate for beam-column design since column
is rigidly connected by means of welding.

Verify column is adequate for beam-column design by approximate 2nd order analysis
•

Given: Factored loads;
1) 𝑃𝑢 ,=28.22 kips
2) 𝑀𝑢 = 16.5 k-ft (summation of factored load moment from beam design)

•

Required: beam column verification

•

Solution:

28.22 kips

16.5 ft- kips

4.4’

16.5 ft- kips
28.22 kips
Figure 6.51 Double Angle “E” Column Free Body Diagram
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Determine required axial strength, 𝑃𝑟 ;
𝑃𝑟 = 𝑃𝑢 = 𝑃𝑛𝑡 + 𝐵2 𝑃𝑙𝑡

(6.201)

Where 𝑃𝑛𝑡 is the axial loading corresponding to a braced beam column, 𝐵2is the
amplification factor for beam columns and 𝑃𝑙𝑡 is the axial load corresponding to an unbraced beam
column. There is no axial load therefore 𝑃𝑙𝑡 = 0
𝑃𝑟 = 𝑃𝑢 = 𝑃𝑛𝑡 + 𝐵2 𝑃𝑙𝑡 = 28.22𝑘𝑖𝑝𝑠

(6.202)

Determine the maximum factored axial loading the member can withstand from column
load tables
Column load tables are not available for angles therefore use calculated factored design
strength for member:
𝜙𝑃𝑛 = 488 𝑘𝑖𝑝𝑠

(6.203)

Using equation AISC H1-1a;
𝑃𝑢
𝜑𝑃𝑛

= 0.06

(6.204)

This value is less than the parameter 0.2 set from AISC H1-1a, therefore use the following
interaction equation;
𝑃𝑢
2𝜑𝑃𝑛

𝑀

+ 𝜑𝑀𝑢 < 1.0
𝑛

(6.205)

Where 𝑀𝑢 is the required moment strength and 𝜑𝑀𝑛 is the factored moment strength from
design charts of the manual, however there are no design charts for moment design of angles,
therefore use governed calculated moment (LTB) from beam design;
𝜑𝑀𝑛 =69.17 k-ft for
𝑀𝑢 = 𝐵1 𝑀𝑛𝑡 + 𝐵2 𝑀𝑙𝑡
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(6.206)

Where 𝐵1 and 𝐵2 are the amplification factors for beam columns, 𝑀𝑛𝑡 is the maximum
moment in a beam column restrained against sideways and 𝑀𝑙𝑡 is the maximum moment in a beam
column restrained against sideways
𝑀𝑛𝑡 = 16.5 𝑘 − 𝑓𝑡 (maximum moment in a beam column restrained against sideways
𝑀𝑙𝑡 = 0 (No axial loading acting on column)
𝐵1 =

𝑐𝑚
1−

𝛼𝑃𝑟
𝑃𝑒1

= 0.2

(6.207)

Where 𝑐𝑚 is bending factor for braced beam columns, 𝑃𝑟 is the required axial strength, 𝑃𝑒1
is the total elastic buckling strength of the story (𝑃𝑒𝑠𝑡𝑜𝑟𝑦 )
𝑀

𝑐𝑚 = 0.6 − 0.4 (𝑀1 ) = 0.2
2

(6.208)

𝑀𝑢 = 𝐵1 𝑀𝑛𝑡 + 𝐵2 𝑀𝑙𝑡 = 3.3k-ft
With all the equations listed above, determine the interaction equation to verify column is
adequate for beam column design;
𝑃𝑢
𝑀𝑢
+
< 1.0
2𝜑𝑃𝑛 𝜑𝑀𝑛
0.07 < 1.0 therefore, design is adequate
Blast Deflector Assembly: Simple connection for column and bracing Analysis
The bolted connection of the blast deflector assembly includes the column and bracing highlighted
in the figure below and consists of A325 bolts that are ¾” in diameter and the thickness of the
plate connection is 1”
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Figure 6.52 Bolted Connections locations
Hand calculations:
•

Given:
1) A325 bolts
2) Diameter of bolt = ¾”
3) Thickness of angle = 1”
4) A36 steel properties

•

Required: Chapter J of Steel Construction Manual
1) Design checks
2) Block Shear Rupture
3) Bolt Spacing
4) Edge Dimensions
5) Bearing Strength of Members
6) Bolt Design

•

Solution:

Determine Design checks for Simple Connection
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𝐺𝑆𝑌 = .9 ∗ 𝑓𝑦 ∗ 𝐴𝑔 = 489 𝐾𝑖𝑝𝑠

(6.209)

Where GSY is “Gross Section Yield,” 𝑓𝑦 is the yield strength of A36 steel and 𝐴𝑔 is the
gross area of the 12x12x5/8” member.
𝑁𝑆𝐹 = .75𝐹𝑢 𝐴𝑒 = 494𝑘𝑖𝑝𝑠

(6.210)

Where NSF is “Net Section Fracture,” 𝐹𝑢 is the ultimate tensile strength of A36 steel and
𝐴𝑒 is the effective area of the 12x12x5/8 member as defined in the steel manual.
Determine the Block Shear Rupture of the column and beam members
For lateral angle:
5

𝐴𝑔𝑣 = (8) ∗ (12) = 8 𝑖𝑛2

(6.211)

Where 𝐴𝑔𝑣 is the gross area in shear for block shear computation, thickness * length of the
shear path.
5

7

𝐴𝑛𝑣 = (8) ∗ [12 − 1.5 (8)] = 6.7 𝑖𝑛2

(6.212)

Where 𝐴𝑛𝑣 is the net area in shear for block shear rupture, thickness * [length of shear path
– number of bolts in shear path (diameter of the bolts +1/8” for spacing)]
5

7

𝐴𝑛𝑡 = (8) [4 − 1 (8)] = 0.425 𝑖𝑛2

(6.213)

Where 𝐴𝑛𝑡 is the net area in tension for block shear rupture, thickness * spacing -number
of bolts in path (diameter of bolts+ 1/8” spacing)]
Lower Limit for Block Shear Rupture:
𝑅𝑛 = 0.6𝐹𝑢 𝐴𝑛𝑣 + 𝑢𝑏𝑠 𝐹𝑢 𝐴𝑛𝑡 = 257.8 𝑘𝑖𝑝𝑠

(6.214)

Upper Limit for Block Shear Rupture:
𝑅𝑛 = 0.6𝑓𝑦 𝐴𝑔𝑣 + 𝑢𝑏𝑠 𝐹𝑢 𝐴𝑛𝑡 = 197.45 𝑘𝑖𝑝𝑠
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(6.215)

Upper limit governs therefore 𝜑𝑅𝑛 = 148 𝑘𝑖𝑝𝑠 where φ is the design factor coefficent for
block shear rupture; 0.75. Upper limit of block shear rupture is greater than loading acting on
column based off column design (𝑃𝑢 = 23.52 𝑘𝑖𝑝𝑠) therefore design adequate so far.
For vertical angle:
5

𝐴𝑔𝑣 = (8) ∗ (12) = 8 𝑖𝑛2

(6.216)

Where 𝐴𝑔𝑣 is the gross area in shear for block shear computation, thickness * length of the
shear path.
5

7

𝐴𝑛𝑣 = (8) ∗ [12 − 1.5 (8)] = 6.7 𝑖𝑛2

(6.217)

Where 𝐴𝑛𝑣 is the net area in shear for block shear rupture, thickness * [length of shear path
– number of bolts in shear path (diameter of the bolts +1/8” for spacing)]
5

7

𝐴𝑛𝑡 = (8) [4 − 1 (8)] = 0.425 𝑖𝑛2

(6.218)

Where 𝐴𝑛𝑡 is the net area in tension for block shear rupture, thickness * spacing -number
of bolts in path (diameter of bolts+ 1/8” spacing)]
Lower Limit for Block Shear Rupture:
𝑅𝑛 = 0.6𝐹𝑢 𝐴𝑛𝑣 + 𝑢𝑏𝑠 𝐹𝑢 𝐴𝑛𝑡 = 257.8 𝑘𝑖𝑝𝑠

(6.219)

Upper Limit for Block Shear Rupture:
𝑅𝑛 = 0.6𝑓𝑦 𝐴𝑔𝑣 + 𝑢𝑏𝑠 𝐹𝑢 𝐴𝑛𝑡 = 197.45 𝑘𝑖𝑝𝑠

(6.220)

Upper limit governs therefore 𝜑𝑅𝑛 = 148 𝑘𝑖𝑝𝑠 where φ is the design factor coefficent for
block shear rupture; 0.75. Upper limit of block shear rupture is greater than loading acting on
column based off column design (𝑃𝑢 = 23.52 𝑘𝑖𝑝𝑠) therefore design adequate so far.
Determine Bolt Spacing, Edge Distance and Bearing Strength
2

Minimum Spacing: 2 3 ∗ 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑜𝑓 𝑡ℎ𝑒 𝑏𝑜𝑙𝑡 = 2.32"
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(6.221)

Actual Spacing: 2.6” >2.32” therefore ok
Minimum Edge Distance: Diameter of the bolts = ¾” therefore minimum edge distance = 1”
(6.210)
Actual Edge Dimensions = 2.6” > 1” therefore ok
Bearing strength:
Hole diameter, h = ¾” + 1/16” = 13/16”

(6.222)

For column and beam bearing strength:
ℎ

𝑙𝑐 = 𝑙𝑒 − = 0.89 𝑖𝑛𝑐ℎ𝑒𝑠
2

(6.223)

Where 𝑙𝑐 is the distance from the edge of the bolt hole to edge of connected part or edge of
adjacent hole and 𝑙𝑒 is the bolt edge distance. Therefore, bearing strength of both vertical and
lateral angle are verified using equation below:
𝑅𝑛 = 1.2𝑙𝑐 𝑡𝐹𝑢 < 2.4𝑑𝑡𝐹𝑢

(6.224)

Where t is the thickness, d is the diameter of the bolt and 𝐹𝑢 is the ultimate tensile strength
of the material.
Bearing Strength with holes nearest edge:
𝑅𝑛 = 62.205 < 104.4, the smallest value governs, therefore bearing strength of each the
member with holes nearest the edge is:
𝑅𝑛 = 62.2

𝑘𝑖𝑝𝑠
𝑏𝑜𝑙𝑡
Bearing strength for the other holes:

𝑙𝑐 = 𝑠 − ℎ = 1.7 𝑖𝑛𝑐ℎ𝑒𝑠

(6.225)

Where s is the actual distance from the edge,
𝑅𝑛 = 1.2𝑙𝑐 𝑡𝐹𝑢 < 2.4𝑑𝑡𝐹𝑢
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(6.226)

𝑅𝑛 = 118 < 104.4, the smallest value governs, therefore bearing strength of each member with
the other holes that are not nearest the edge is:
𝑅𝑛 = 104.4

𝑘𝑖𝑝𝑠
𝑏𝑜𝑙𝑡

The total bearing strength of the vertical and lateral members are as follows:
(6.227)

𝑅𝑛 = 2(62.2) + 2(104.4) = 333.2 𝑘𝑖𝑝𝑠

Where 2 bolts experience 62.2 kips and the other 2 bolts experience 104.4 kips. Therefore,
the factored bearing strength is as follows;
(6.228)

𝜑𝑅𝑛 = 250 𝑘𝑖𝑝𝑠

Factored bearing strength is greater than factored loading acting on member therefore still
adequate.
Determine bolt design
𝑅𝑛 = 𝐹𝑢 𝐴𝑏ℎ = 23.8 𝑘𝑖𝑝𝑠

(6.229)

𝜑𝑅𝑛 = .75 ∗ 23.8 = 18 𝑘𝑖𝑝𝑠/𝑏𝑜𝑙𝑡

(6.230)

This value must be verified with FEA of this component, fig. 6.56
Thickness = 1”

2.6”

2.6”

2.6”

Diameter = ¾”

2.6”

Figure 6.53 Bolted Connections diagram
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Blast Deflector Assembly: Concrete One Way Slab Analysis
The one way slab of the blast deflector assembly includes the 4.6 ft x1.8 ft x 0.45 ft
dimensions as shown in chapter 4 along with the bolted connection which serves the concrete as a
simply supported structure.

Figure 6.54 Blast Deflector with Concrete
Hand calculations:
•

Given:
1) Span = 4.6’
2) Width = 1.8’
3) Thickness = 5.5”
4) Compressive strength, 𝑓 ′ 𝑐, 3 ksi
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5) Yield strength of reinforcement, 𝑓𝑦 , 60 ksi
6) D = weight of concrete, 150 pcf
7) L = 28 kips of thrust
•

Required: ACI codes listed in Chapter 4
1) One way slab design to withstand thrust loading

•

Solution:

Determine slab thickness:
𝐿
20

= (4.6′ ∗ 12)/20 = 2.76"

(6.231)

Where L is the length of the slab in inches. Since the result was 2.76,” this is our minimum
slab thickness that we can use. Therefore use h = 5.5” as previously mentioned. If thickness is 5.5”
then d (effective depth of a section measured from extremem compression fiber to centroid of
tensile reinforcement) is 4.5”
𝑑 =ℎ−1

(6.232)

Calculate Max Factored Moment, 𝑀𝑢
𝑠𝑒𝑙𝑓 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒 = (5.5/12) ∗ 150 𝑝𝑓𝑐 = 68.75 𝑝𝑠𝑓

(6.233)

Therefore,
𝑊𝑢 = 1.2𝐷 + 1.6𝐿

(6.234)

Where D = 0 and L = 28 kips/1.8’ width = 15.6 ksf
68.75 𝑝𝑠𝑓
𝑘
) + 1.6(15600 𝑝𝑠𝑓) = 25
𝑊𝑢 = 1.2 (
𝑓𝑜𝑟 𝑒𝑣𝑒𝑟𝑦 1′ 𝑜𝑓 𝑠𝑙𝑎𝑏.
12"
𝑓𝑡
𝑀𝑢 =

𝑘
𝑓𝑡

25 ∗4.6 𝑓𝑡
8

= 14.375 𝑓𝑡 − 𝑘

(6.235)

Determine Steel Reinforcement based off Max Factored Moment
𝑀𝑢
𝜑𝑏𝑑2

= 788.75 psi
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(6.236)

Where b is a width of 12” to account for every foot of slab as shown in moment calculation,
d is the effective depth of the steel reinforcement. Based off appendix A, table A.13, the density is
as follows:
𝜌 = 0.152
With this density, calculate the area of non-prestressed tensile reinforcement;
𝐴𝑠 = 𝜌𝑏𝑑 = 0.8208

𝑖𝑛2

(6.237)

𝑓𝑡

Based off table A.6 of “design of steel reinforcement,” use #5 bar at 4” spacing (𝐴𝑠 =0.92)
The spacing of 4” is less than the maximum specification as stated in ACI 7.6.5, 18”
Determine Shrinkage and Temperature Steel in Transverse Direction
𝐴𝑠𝑚𝑖𝑛 = 0.0018𝑏𝑑 = 0.0972

𝑖𝑛2
𝑓𝑡

(6.238)

Use #3 bar at 3” spacing as shown in table A.6 of “Design of Reinforced Concrete.”
Based off calculations, slab is capable of caring 28 kips of thrust as well as weight of concrete
therefore design is adequate.
#3 bar at 3” spacing

#5 bar at 4” spacing
Figure 6.55 One Way Slab Design
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The figure below displays the FEA analysis of the mobile launch stand with all dead, live,
and wind loads acting on the structure. The Blast Deflector had to be analyzed separately because
the analysis software kept on crashing due to the amount of RAM space that was needed to
complete the job. However, all loadings are accounted for.

Figure 6.56 FEA Analysis of Blast Deflector
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Based off the figure above, the most stress acting on the structure from the 28 kip thrust
load is acting near the mid-section of the blast deflector. The results for the FEA based on the are
as follows:
4) Factor of safety, 𝑛𝑓𝑠 = 36
5) Weight = 35,000 lbs
6) Max Stress, 𝜎𝑚𝑎𝑥 = 2.17E3 psi
The bottom picture of figure 75 displays the max stress experienced at the bolted section.
In the hand calculations it was determined that the bolts can handle up to 18 kips of stress. Based
off the analysis, the bolts under the most stress are experiencing approximately 0.424 kips of
stress;
956 𝑝𝑠𝑖 ∗ 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑏𝑜𝑙𝑡 (0.44𝑖𝑛2 ) = 0.424 𝑘𝑖𝑝𝑠
Therefore, the bolts will not fail in shear.

Figure 6.57 FEA Analysis of Vertical Blast Deflector
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(6.239)

The figure above displays the vertical blast deflector. Based off the analysis, the following was
able to be computed;
1) Factor of safety, 𝑛𝑓𝑠 = 72
2) Weight = 37,000 lbs
3) Max Stress, 𝜎𝑚𝑎𝑥 = 1.106E3 psi
The max stress at each bolt for the figure above was to be shown at 1.129E2 psi which
once converted using the previous equation 6.239, is approximately 0.05 kips per bolt which is
much less than the design strength as calculated in the hand calculations (18 kips), therefore the
bolts will not fail in shear.

Figure 6.58 FEA Analysis Simple Connection for Beam-Column
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The figure above displays the beams and column bolted together as shown in figure 6.32 and
6.33. Based off the analysis, the following was able to be computed;
1) Factor of safety for beam, 𝑛𝑓𝑠 = 7.2 (Ultimate tensile strength of A36 steel/Max stress on
beam, 1.102E4 psi)
2) Max Stress, 𝜎𝑚𝑎𝑥 = 3.3E4 psi (at bolted section)
The max stress at each bolt for the figure above was to be shown at 3.3E4 psi which once
converted using the previous equation 6.239, is approximately 14 kips per bolt which is less than
the design strength as calculated in the hand calculations (18 kips), therefore the bolts will not fail
in shear.
The following figures display the overall stress analysis of the mobile launch stand. The
first figure displays the stress of the mobile launch stand based on the live loads that were
calculated from the hand calculations:

Figure 6.59 Live Load FEA for Mobile Launch Stand
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Based off the analysis, the following was able to be computed;
1) 𝑛𝑓𝑠 = 4
2) W = 92,300 lbs
3) 𝜎𝑚𝑎𝑥 = 2.91E4 psi
The max stress at that is shown on the mobile launch stand is displayed on the beams that are
welded to the “C” channel beams of the moment arm. The figure below displays the stress of the
mobile launch stand based on the wind loads that were calculated from the hand calculations:

Asdf
Figure 6.60 Wind Loading FEA of Mobile Launch Stand

Based off the analysis, the following was able to be computed;
1) Factor of safety, 𝑛𝑓𝑠 = 4
2) Weight = 92,300 lbs
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3) Max Stress, 𝜎𝑚𝑎𝑥 = 2..69E3 psi
The max stress at that is shown on the mobile launch stand is displayed on the beams that
are welded to the “C” channel beams of the moment arm as well as the square tubing of the moment
arm connection. The figure below displays the stress of the mobile launch stand based on the static
load of the launch vehicle that is acting on the moment arms:

As

Figure 6.61 Static Loading for Mobile Launch Stand
Based off the analysis, the following was able to be computed;
1) Factor of safety, 𝑛𝑓𝑠 = 4
2) Weight = 92,300 lbs
3) Max Stress, 𝜎𝑚𝑎𝑥 = 2.174E4 psi
The max stress at that is shown on the mobile launch stand is displayed on the beams that
are welded to the “C” channel beams of the moment arm as well as the square tubing of the moment
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arm connection. The figure below displays the stress of the mobile launch stand based on the total
static load of the launch vehicle that is acting on the rocket connections:

Figure 6.62 Static loading for Mobile Launch Stand with full weight of launch vehicle acting on
Solid Rocket Booster Connections
Based off the analysis, the following was able to be computed;
1) Factor of Safety, 𝑛𝑓𝑠 = 17
2) Weight = 92,300 lbs
3) Max Stress, 𝜎𝑚𝑎𝑥 = 4.6E3 psi
The max stress at that is shown on the mobile launch stand is displayed on the beams that are
welded to the “C” channel beams of the moment arm as well as the square tubing of the moment
arm connection.
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Chapter 7: Conclusion and Future Work
Based off all the hand calculations and FEA analysis of the interstage and mobile launch
stand final iterations, the designs are adequate. Therefore, it is recommended that the interstage be
made of 5320-1 epoxy resin with 8 harness satin weave for the inner and outer shell of the
interstage and the honeycomb core be made of 5056 Aluminum alloy. Overall parameters set for
interstage (weight, factor of safety, design strength) are met. For the mobile launch stand, it is
recommended that the building materail used should be A 500 Grade B steel be used for all HSS
components and A 36 steel for every other component that is not HSS shape. Overall parameters
set for mobile launch stand (weight, factor of safety, design strength) are met.
For future work, the main thing that needs to be accounted for to both structures is dynamic
loading of the launch vehicle. Although chapter 5 discusses how to obtain the dynamic loading
from the source, there is not enough information from both solid rocket boosters and UTEP
Chrome engine to make a decision on what the dynamic loading will be. Therefore, when
information is available, loading must be applied to interstage and mobile launch stand to
determine if the designs are still adequate enough to withstand any dynamic forces. Another part
for future work includes the design of the pyrotechnic systems for the interstage. As discussed in
chapter 4, the pyrotechnics within the chamber of figure 5 will detonate and set the interstage into
two pieces which will allow the top half of the launch vehicle to continue with its mission and the
bottom half to fall back to earth. The last part for future work includes the design of the hydraulic
actuator for the moment arm of the mobile launch vehicle. It must be able to withstand 2.75 kips
as shown in chapter 6 hand calculations, which will open up during the pre-launch phase and be
clear when the launch vehicle leaves the launch stand.
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